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Abstract 


Lumber  of  three  grades  (Select  Structural,  No.  2,  and 
No.  3)  and  three  sizes  (2x4,  2x6,  and  2x8)  was  tested  to 
determine  the  influence  of  moisture  content  on  the 
flexural  properties  of  Southern  Pine  dimension  lumber. 
For  each  grade-size  combination,  the  sample  was 
divided  into  four  equivalent  populations  of 
approximately  100  pieces  each,  using  estimated 
strength  and  stiffness  in  the  green  condition.  Three  of 
the  groups  were  then  equilibrated  to  moisture  contents 
of  10,  IS,  and  20  percent  prior  to  testing.  All  samples 
were  tested  on  edge  in  third-point  bending. 

In  general,  drying  increases  the  flexural  properties  of 
Southern  Pine  dimension  lumber.  When  dried  from 
green  to  an  average  moisture  content  of  15  percent, 
increases  in  fifth  percentile  modulus  of  rupture,  MOR, 
were  in  excess  of  40  percent  for  Select  Structural 
lumber.  The  degree  of  improvement  in  lumber  strength 
decreased  as  lumber  quality  decreased  and  width 
increased.  With  2x8,  No.  3  material,  a  decrease  in  fifth 
percentile  MOR  was  observed  at  each  successive 
drying  level. 

Grade  and  size  had  little  effect  on  the  moisture 
content-modulus  of  elasticity,  MOE,  relationship.  In 
general,  the  increases  In  mean  MOE  when  dried  from 
green  to  20, 15,  and  10  percent  were  5,  22,  and  25 
percent,  respectively. 

The  largest  increase  in  MOR  and  MOE  generally 
occurred  with  drying  from  20  to  15  percent.  For  most 
grade-size  combinations,  drying  from  15  to  10  percent 
had  little  effect  on  fifth  percentile  MOR  and  mean 
MOE.  The  potential  exists,  however,  for  significant 
reductions  in  fifth  percentile  MOR.  This  is 
demonstrated  in  two  of  the  nine  cases  where  the  fifth 
percentile  MOR  at  10  percent  was  about  20  percent 
less  than  that  at  15  percent. 
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Investigation  of  the  shape  of  the  cumulative  frequency 
distributions  indicated  that  MOE's  were  usually 
normally  distributed.  With  many  of  the  MOR 
distributions  normality  was  rejected.  For  No.  2  and  No. 
3  grade  lumber  the  MOR  distributions  were  symmetric 
to  right  skewed  (long  tail  to  the  right),  but  for  Select 
Structural  they  were  symmetric  to  left  skewed.  The 
occurrence  of  left  skewed  distributions  may  make  the 
log-normal  distribution  unsuitable  for  describing  lumber 
properties  as  input  to  reliability  based  design  codes. 

Questions  as  to  the  applicability  of  this  data  to  other 
species  and  other  failure  modes  will  be  addressed  in 
subsequent  publications.  Future  reports  will  also 
present  analytical  models  and  probabilistic  procedures 
for  adjusting  in-grade  data  that  might  also  be 
considered  for  adoption  by  engineering  code 
authorities.  Until  this  series  of  reports  is  complete,  the 
results  of  this  study  should  not  be  incorporated  into 
engineering  design  codes. 

Keywords:  Mechanical  properties,  bending,  moisture 
content,  Southern  Pine,  modulus  of  rupture,  modulus  of 
elasticity,  stiffness,  moment  capacity,  distributional 
form. 


The  Laboratory  Is  maintained  In  cooperation  with  the  University  of 
Wisconsin. 


Research  Highlights 


This  paper  presents  the  experimental  results  of  a 
program  to  evaluate  the  effect  of  moisture  content  on 
the  flexural  properties  of  Southern  Pine  dimension 
lumber.  This  study  was  Initiated  because  of 
discrepancies  between  currently  accepted  design 
standards  and  recent  research  evidence.  The  results 
will  be  used  by  FPL  to  develop  procedures  for  adjusting 
the  data  currently  being  generated  in  the  joint  lumber 
Industry-Forest  Service  in-grade  testing  program. 

Lumber  of  three  grades  (Select  Structural,  No.  2,  and 
No.  3)  and  three  sizes  (2  by  4,  2  by  6,  and  2  by  8)  was 
sampled  from  one  geographic  location.  For  each 
grade-size  combination  the  sample  was  divided  into 
four  equivalent  populations  in  terms  of  estimated 
strength  and  stiffness  in  the  green  condition.  Three  of 
the  groups  were  then  equilibrated  to  moisture  contents 
of  10, 15,  and  20  percent  prior  to  testing.  All  samples 
were  tested  on  edge  in  third-point  bending. 

From  comparisons  of  mean  and  fifth  percentile  moduli 
of  rupture  (MOR)  and  mean  moduli  of  elasticity  (MOE) 
we  observed  that; 

1.  In  general,  the  absolute  increase  in  mean  MOR 
and  mean  MOE  was  dependent  upon  grade  and  size. 
The  wider  widths  and  lower  grades  were  generally  less 
affected  by  drying  than  were  the  higher  grades  and 
narrower  widths.  However,  moisture  content,  grade, 
and  size  all  had  a  significant  effect  on  the  mean  values 
and,  for  MOR,  there  was  a  significant  grade  by 
moisture  content  interaction. 

2.  Although  there  was  variation  by  grade  and  size, 
the  average  increase  in  mean  MOR  for  the  nine  grade- 
size  groups  was  approximately  1 1  percent  in  drying 
from  green  to  20  percent,  35  percent  in  drying  to  15 
percent,  and  43  percent  in  drying  to  10  percent. 

3.  For  Select  Structural  lumber,  fifth  percentile  MOR 
exhibited  a  significant  but  erratic  increase  with  drying. 
When  dried  to  a  moisture  content  of  15  percent,  these 
increases  were  in  excess  of  40  percent.  Fifth 
percentile  strength  of  No.  2  and  No.  3  grade  lumber 
was  less  sensitive  to  moisture  content  than  was  the 
fifth  percentile  of  Select  Structural.  With  2x8,  No.  3,  a 
decrease  In  fifth  percentile  MOR  was  observed  at  each 
successive  drying  level. 

4.  Grade  and  size  had  little  effect  on  the  average 
increase  in  mean  MOE.  In  general,  the  increases  in 
mean  MOE  in  drying  from  green  to  20,  15,  and  10 
percent  were  5,  22,  and  25  percent,  respectively. 

5.  For  most  grade-size  combinations,  drying  from  15 
to  10  percent  had  little  effect  on  fifth  percentile  MOR 
and  mean  MOE.  The  potential  exists,  however,  for 
significant  reductions  in  fifth  percentile  MOR.  This  is 
demonstrated  in  two  of  the  nine  cases  where 
reductions  of  approximately  20  percent  were  observed 
when  drying  from  15  to  10  percent. 

Analysis  of  the  moment  capacity  (RS  =  MOR  x  section 
modulus)  and  stiffness  (El  =  MOE  x  moment  of  inertia) 
data  indicated  that: 


1.  Mean  El  was  relatively  unaffected  by  drying. 

2.  Mean  and  fifth  percentile  RS  were  affected  by 
moisture  content  in  the  same  manner  as  MOR  except 
that  the  magnitude  of  the  effect  was  less  for  RS  than 
was  observed  with  MOR.  The  increase  in  fifth 
percentile  RS  was  approximately  10  percent  less  than 
that  for  fifth  percentile  MOR  for  lumber  dried  from 
green  to  15  percent. 

Based  on  examination  of  the  experimental  cumulative 
frequency  distributions  we  find  that: 

1.  In  general,  the  effect  of  moisture  content  on 
strength  was  highest  at  the  upper  percentiles.  For  No. 
2  and  No.  3  grade  lumber,  the  cumulative  frequency 
distribution  for  the  10  and  15  percent  groups  often 
cross.  Below  about  the  50th  percentile,  the  10  percent 
moisture  content  group  was  often  weaker  than  the  15 
percent  group. 

2.  Drying  increased  MOE  at  all  levels  of  the 
cumulative  frequency  distribution. 

3.  The  largest  increase  in  MOR  and  MOE  generally 
occurred  with  drying  from  20  to  15  percent. 

4.  MOE's  were  usually  normally  distributed.  With 
many  of  the  MOR  distributions  normality  was  rejected. 
For  No.  2  and  No.  3  grade  lumber  the  MOR 
distributions  were  symmetric  to  right  skewed,  but  for 
Select  Structural  they  were  symmetric  to  left  skewed. 

Based  on  these  results  we  conclude  that: 

1.  in  general,  drying  increases  the  flexural  properties 
of  Southern  Pine  dimension  lumber. 

2.  Improvements  in  MOR  and  MOE  with  drying  are 
significant  for  Select  Structural  lumber  at  virtually  all 
levels  of  the  cumulative  frequency  distribution.  The 
magnitude  of  the  increase  for  mean  MOE  and  fifth 
percentile  MOR  appears  to  exceed  that  assumed  in 
ASTM  standard  D245-81  for  lumber  dried  to  an 
equilibrium  moisture  content  of  15  percent. 

3.  The  degree  of  improvement  in  lumber  strength 
decreases  as  lumber  quality  decreases  and  width 
increases.  For  lower  grades  and  wider  widths,  the  25 
percent  increase  in  fifth  percentile  MOR  assumed  in 
D245-81  appears  excessive. 

4.  The  effect  of  moisture  content  on  MOE  is 
relatively  Independent  of  lumber  size  and  quality. 

5.  Drying  lumber  to  an  average  moisture  content  less 
than  15  percent  cannot  usually  be  justified  on  the  basis 
of  improvements  in  flexural  strength  and  stiffness. 

6.  The  occurrence  of  left  skewed  distributions  may 
make  the  log-normal  distribution  unsuitable  for 
reliability  studies  of  lumber  properties. 

Questions  as  to  the  applicability  of  this  data  to  other 
species  and  other  failure  modes  will  be  addressed  in 
subsequent  publications.  Future  reports  will  also 
present  analytical  models  and  probabilistic  procedures 
for  adjusting  in-grade  data  that  might  also  be 
considered  for  adoption  by  engineering  code 
authorities.  Until  this  series  of  reports  is  complete,  the 
results  of  this  study  should  not  be  incorporated  into 
engineering  design  codes. 
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Introduction 


Extensive  In-grade  testing  programs  are  currently  in 
progress  in  the  United  States  to  characterize  the 
mechanical  properties  of  existing  grades  of  dimension 
lumber  (Galligan  et  al.  1980).  For  reasons  of  economy, 
the  lumber  is  tested  on  portable  equipment  at  sawmill 
locations.  As  expected,  the  moisture  content  (MC)  of 
this  material  varies  significantly  from  mill  to  mill  and 
even  within  a  particular  mill.  To  utilize  the  data 
collected  from  the  in-grade  testing  program  with  any 
degree  of  reliability,  it  is  necessary  to  evaluate  the 
effect  of  MC  on  the  strength  of  dimension  lumber. 

There  is  also  a  possibility  of  species  dependency  In  the 
mechanical  property-moisture  relationships  among 
species  most  commonly  used  in  construction  In  the 
United  States.  Therefore,  at  a  minimum,  the 
relationships  for  Southern  Pine  and  Douglas  Fir  need  to 
be  established  because  these  are  the  species  being 
studied  in  most  detail  in  the  in-grade  program. 

The  ob|ective  of  this  study  was  to  investigate  the  effect 
of  MC  on  the  flexural  properties  of  Southern  Pine 
dimension  lumber  and  to  develop  analytical  models, 
applicable  to  In-grade-type  data,  for  adjusting  lumber 
strength  data  to  a  common  MC  level.  This  paper 
details  the  experimental  procedure  and  summarizes 
some  of  the  experimental  results  obtained  with 
Southern  Pine.  Later  papers  will  deal  with  other 
aspects  of  the  study. 
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Traditionally,  allowable  stresses  for  dimension  lumber 
in  North  America  have  been  developed  from  strength 
and  stiffness  data  obtained  from  tests  of  small,  clear 
specimens  In  the  green  MC  condition.  These  data  are 
then  adjusted  to  account  for  characteristics  of  full-size 
lumber  such  as  the  presence  of  knots,  slope  of  grain, 
and  end-use  moisture  conditions  as  well  as  for  depth  of 
the  member  (bending  only),  duration  of  load,  within 
species  variabffity,  and  factor  of  safety. 

The  adjustments  for  seasoning  or  end-use  moisture 
conditions  given  in  the  current  American  Society  for 
Testing  and  Materials  (ASTM)  Standard  D  245  (1982)  are 
based  on  experimental  results  obtained  using 
structural  size  members  (Green  1980).  These 
adjustments  are  based  on  average  trends  observed  for 
a  number  of  species,  but  in  the  standard  are  assumed 
to  apply  without  regard  to  material  quality.  In  earlier 
versions  of  ASTM  D  245  the  magnitude  of  the  moisture 
adjustment  was  a  function  of  the  quality  and  size  of 
the  member  (Green  1980).  Indeed,  the  current 
adjustment  procedure  has  been  questioned,  based 
upon  some  recent  research.  Gerhards  (1968,  1970) 
found  that  the  average  dry-green  ratio  for  the  modulus 
of  rupture  (MOR)  of  4  by  8  Southern  Pine  beams 
conditioned  to  an  average  MC  of  12  percent  varied 
linearly  from  about  1.12  at  25  percent  strength  ratio  to 
about  1.5  at  100  percent  strength  ratio.  Madsen  (1975) 
also  found  a  material  quality  dependency  between 
strength  and  MC  from  tests  conducted  on  No.  2  and 
Better  Douglas  Fir  2  by  6  joists.  He  concluded  that 
although  there  was  an  increase  in  MOR  due  to  drying 
at  the  higher  percentile  levels,  there  was  no  increase  at 


Materials  and  Methods 


failure  stress  levels  below  about  4,000  pounds  per 
square  inch  (Ib/in.1).  This  level  roughly  corresponded  to 
the  25th  percentile  of  the  strength  distribution  obtained 
from  his  tests.  Brynildsen  (1977)  studied  moisture 
effects  on  50-  by  150-millimeter  (mm)  (2.0  by  5.9  in.) 
European  whitewood  specimens  and  concluded  that 
increases  in  bending  strength  with  drying  only  occurred 
for  pieces  with  strengths  above  approximately  2,850 
Ib/inA  Hoffmeyer  (1978)  conducted  similar  tests  on  45- 
by  145-mm  (1.8  by  5.7  in.)  European  whitewood  joists. 
This  work  indicated  that  MC  affects  bending  strength 
throughout  the  entire  range  of  strength,  although  at 
lower  strength  values,  this  effect  was  less  pronounced. 

The  differences  in  the  results  obtained  by  Madsen 
(1975),  Brynildsen  (1977),  and  Hoffmeyer  (1978)  may  be 
attributable  to  any  one  or  any  combination  of  the 
following  factors:  (1)  cross-sectional  dimensions, 

(2)  species,  (3)  grading  techniques  (lumber  quality),  or 
(4)  conditioning  methods.  Hoffmeyer  (1978)  suggested 
that  Madsen’s  samples  were  less  sensitive  to  changes 
in  MC  because  they  had  not  been  equilibrated  to  a 
constant  MC  and  might  have  contained  a  moisture 
gradient.  In  a  subsequent  study,  Madsen  et  al.  (1980) 
concluded  that  there  were  no  differences  between  the 
results  obtained  by  his  “dry-out”  procedure  and  those 
using  equilibrated  material.  However,  there  was  a 
significant  reduction  in  MOR  at  the  8  percent  MC  level 
for  the  equilibrated  samples  as  compared  to  samples 
containing  a  moisture  gradient.  This  difference 
between  the  equilibrated  and  the  nonequilibrated 
samples  was  attributed  to  degrade  in  the  equilibrated 
specimens  as  a  result  of  the  length  of  time  they  were 
held  at  this  lower  MC.  The  results  of  the  8  percent  MC 
were  not  included  by  Madsen  in  subsequent  analyses. 

In  the  above  research,  the  effect  of  MC  on  modulus  of 
elasticity  (MOE)  was  also  investigated.  In  summary, 
the  following  statements  may  be  made: 

1.  Full-size  lumber  exhibits  a  smaller  increase  in 
MOE  with  decreasing  MC  than  do  small,  clear 
specimens. 

2.  There  is  no  consistent  evidence  that  this  effect  is 
dependent  on  material  quality. 


Experimental  Design 

It  was  anticipated  that  the  influence  of  MC  on  flexural 
properties  might  be  dependent  upon  the  grade  and  size 
of  the  lumber  tested.  For  this  reason,  three  grades 
(Select  Structural,  No.  2,  and  No.  3)  and  three  sizes 
(nominal  2  by  4,  2  by  6,  and  2  by  8  in.)  of  Southern  Pine 
lumber  were  sampled.  Each  grade-size  combination 
was  tested  green  and  after  conditioning  to  one  of  three 
target  equilibrium  MC  treatments:  20, 15,  and  10 
percent.  The  total  number  of  independent  treatment 
cells  was  36. 

The  experimental  design  used  in  this  study,  with  target 
sample  sizes,  is  shown  in  figure  1.  A  target  sample 
size  of  100  per  cell  was  felt  to  be  the  minimum  number 
required  to  make  statistical  inferences  about  the 
distribution  of  strength  and  stiffness  in  each  cell. 

Lumber  Selection  and  Sorting 

Lumber  was  selected  from  the  output  of  two  mills  in 
the  fall  of  1979.  They  were  located  within  20  miles  of 
each  other  in  the  tidewater  area  of  southeastern 
Virginia  and  northeast  North  Carolina.  The  North 
Carolina  mill  manufactures  lumber  but  ships  it  to  the 
Virginia  mill  for  drying  and  planing.  Both  mills  obtain 
timber  from  the  same  resource  base.  At  the  time  of 
sampling  the  Virginia  mill  was  producing  approximately 
270,000  board  feet  of  Southern  Pine  lumber  per  day  and 
the  North  Carolina  mill  slightly  less. 
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Figure  1.— Experimental  design  with  target 
sample  sizes.  (ML84  5317) 


For  selection  of  the  study  boards,  rough  green  lumber 
In  piles  of  about  200  was  brought  to  a  clear  area  in  the 
mill  yard.  All  2  by  8’s  were  12  feet  in  length;  2  by  6's 
and  2  by  4’s  were  10  and  8  feet  in  length,  respectively. 
Southern  Pine  Inspection  Bureau  (SPIB)  quality 
supervisors  then  examined  each  board  and  made  a 
preliminary  grade  assignment  (SPIB  1977).  This 
procedure  was  continued  until  the  desired  number  of 
approximately  400  boards  were  accumulated  in  each 
grade  and  size  group.  As  the  selection  process 
progressed,  all  accumulated  boards  were  Kept  tight 
piled  (no  stickers  were  used)  and  were  wetted 
periodically  to  prevent  any  drying  of  the  boards. 

When  all  boards  were  selected  (approximately  4,000), 
they  were  planed  to  the  standard  green  dimensions 
(SPIB  1977)  and  sprayed  with  an  aqueous  solution  of  a 
fungicide  to  prevent  fungal  growth  and  retard  blue  stain 
on  the  lumber  during  the  sorting  process. 

After  planing,  each  piece  of  lumber  was  again 
inspected  by  SPIB  supervisors  and  grade  marked.  The 
supervisor  also  marked  the  edge  of  the  board  facing 
him  which  was  used  later  to  indicate  the  tension  edge 
of  the  board  in  the  final  flexural  test.  This  prevented 
biasing  the  location  of  defects  to  either  the  tension  or 
compression  edge  of  the  test  specimen.  In  addition, 
the  grader,  in  consultation  with  the  researchers, 
determined  the  grade-controlling  and  the  maximum 
strength-reducing  defect  for  each  board.  The  grade¬ 
controlling  defect  is  the  defect  responsible  for  forcing 
the  board  to  fall  in  one  grade  as  opposed  to  the  next 
higher  grade.  The  strength-reducing  defect  is  the 
principal  defect  which,  in  the  estimation  of  the  grader 
and  researchers,  is  responsible  for  the  failure  of  the 
board  when  tested.  ASTM  D  245  (1982)  was  used  as  a 
guide  for  this  determination.  Usually  the  defect 
responsible  for  grade  determination  was  the  same  as 
the  principal  strength-reducing  defect.  The  estimated 
strength  ratio  was  determined  from  the  maximum 
strength-reducing  defect  for  each  board  in  accordance 
with  ASTM  0  245  (1982)  and  recorded.  The  width  and 
depth  were  measured  to  the  nearest  0.001  inch  and 
recorded  for  every  tenth  board.  Time  considerations 
prevented  measuring  every  board  at  this  point  in  the 
study. 

A  field  flatwise  modulus  of  elasticity  (FFMOE)  was 
determined  for  each  piece  in  the  green  condition.  A 
concentrated  preload  and  final  load  were  applied  at 
midspan  and  the  difference  in  midspan  deflection 
between  the  two  loads  recorded.  The  loads  were  the 
same  for  all  boards,  but  the  span  varied  with  board 
size.  The  2  by  4’s,  2  by  6's,  and  2  by  8's  were  tested 
over  spans  of  59.5,  93.5,  and  123.5  inches,  respectively. 


To  reduce  variation  between  MC  groups  due  to  factors 
other  than  the  treatment,  the  green  lumber  for  each  of 
the  four  MC  groups  was  first  sorted  by  FFMOE.  For 
each  grade-size  combination  all  boards  were  ranked 
according  to  FFMOE,  from  lowest  to  highest.  Boards 
with  equal  FFMOE’s  were  further  sorted  using  strength 
ratios  calculated  from  the  maximum  strength  reducing 
defect  in  each  piece.  Specimens  with  the  lowest  four 
FFMOE  values  were  then  randomly  assigned  to  the  four 
moisture  levels.  Subsequently,  the  next  four  pieces 
were  randomly  assigned  to  moisture  groups  and  the 
process  repeated  until  ail  samples  had  been  assigned 
to  MC  groups.  Thus  equivalence  of  the  green  FFMOE 
distributions  between  the  four  groups  was  assured. 

Any  correlation  between  MOR  and  FFMOE  will  improve 
the  strength  matching  between  groups  over  that 
obtained  in  a  purely  random  process.  This  procedure  is 
essentially  the  same  as  that  proposed  by  Warren  and 
Madsen  (1977). 


Kiln  Drying  and  Equilibration  to 
Target  Moisture  Content  Levels 

Kiln  Drying 

After  the  boards  were  sorted  into  treatment  groups,  the 
lumber  designated  for  the  green  group  was  tight  piled 
and  kept  wet.  To  minimize  the  conditioning  time,  the 
lumber  samples  in  the  other  groups  were  dried  with  a 
very  mild  kiln  schedule.  The  dry  bulb  temperature  was 
maintained  at  approximately  150°F  throughout  the 
drying  process  while  the  wet  bulb  temperature  was  set 
at  100°F  for  the  first  10  hours  of  drying  and  then  raised 
to  approximately  130“F  for  the  remaining  time.  The 
goal  of  kiln  drying  was  to  reduce  the  MC  of  each  group 
to  approximately  5  percent  above  its  target  MC. 

Further  drying  to  the  target  moisture  levels  was  done  in 
equilibration  chambers.  Care  was  taken  during  kiln 
drying  to  assure  that  individual  boards  did  not  fall 
below  the  target  MC  levels  to  avoid  excessive  degrade 
and  hysteresis  effects.  Sample  boards  were  placed  at 
various  locations  in  the  kiln  charge  to  monitor  the 
actual  MC. 

After  kiln  drying,  the  lumber  was  wrapped  in  plastic 
and  transported  to  Blacksburg,  Va.,  for  further 
equilibration  and  testing. 
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Results  and  Discussion 


Equilibration 

The  green  lumber  was  stickered  and  stacked  in  two 
chambers  equipped  with  a  sprinkler  system.  The 
remaining  lumber  was  stickered,  stacked,  and  placed  in 
three  separate  chambers  with  conditions  controlled  to 
produce  equilibrium  moisture  contents  (EMC)  of  10,  15, 
and  20  percent.  Because  the  temperature  in  the 
chambers  could  only  be  maintained  at  approximately 
normal  room  conditions,  the  humidity  was  constantly 
regulated  to  maintain  proper  EMC.  The  actual  M C  of 
the  lumber  was  monitored  weekly  by  using  both  sample 
boards  and  an  electrical  resistance  moisture  meter. 
Conditioning  of  the  20, 15,  and  10  percent  groups 
required  about  2,  4,  and  6  months,  respectively. 

Testing  Procedures 

Before  testing,  the  dry  lumber  was  again  regraded  by 
the  same  SPIB  quality  supervisors  to  assess  the 
degrade  in  each  group  due  to  drying.  A  short-span 
flatwise  modulus  of  elasticity  (SSFMOE)  was 
nondestructively  evaluated  for  each  board  prior  to 
destructive  testing.  Procedures  were  similar  to  those 
used  to  obtain  FFMOE  except  that  the  test  span  was 
only  4  feet. 

Except  for  the  rate  of  loading  specification,  destructive 
testing  followed  the  general  provisions  outlined  in 
ASTM  D  198  (1982).  This  standard  recommends  a 
speed  of  testing  which  causes  the  test  specimen  to  tail 
in  about  10  minutes  but  not  less  than  6  or  greater  than 
20  minutes.  A  faster  loading  rate  was  utilized  to 
produce  times  to  failure  comparable  to  those  observed 
in  the  in-grade  testing  program  (Gatlfgan  et  al.  1980) 
and  to  reduce  the  total  time  required  to  test  the  large 
number  of  specimens.  The  test  speed  was  selected  as 
the  rate  which  would  cause  the  weakest  boards  in  the 
sample  to  fail  in  approximately  1  minute.  This  rate  was 
found  through  preliminary  tests  of  low-grade  2  by  4's  In 
the  green  condition  (Wilson  1981).  Based  on  these 
tests,  a  crosshead  speed  of  2  in./min  was  chosen  for  all 
tests.  Several  studies  (DeBonis,  Woeste,  McLain  1980; 
Madsen,  Barrett  1976;  Spencer  1979)  have  shown  that 
testing  speed  does  not  have  a  significant  effect  on  the 
flexural  strength  and  stiffness  of  full-size  air-dry  lumber 
for  testina  speeds  within  the  range  of  the  rate  used  in 
this  study  and  that  specified  in  ASTM  D  198. 

MOR  and  MOE  (uncorrected  for  shear)  were  calculated 
as  per  ASTM  0  198.  After  test,  a  1-inch  long,  full  cross- 
section  sample  was  cut  from  each  board  near  the  area 
of  failure.  From  this  sample  the  MC  and  specific 
gravity  (SG)  on  an  ovendry  weight/ovendry  volume  basis 
were  determined  according  to  Method  B  of  ASTM  D 
2395-69  (1982).  Ovendry  volumes  were  used  because  it 
was  impractical  to  saturate  the  large  number  of  dry 
samples  in  a  reasonable  time.  Additional  details  of  the 
experimental  procedure  are  given  by  Wilson  (1981). 


Verification  of  Populations 

As  indicated  earlier,  field  flatwise  modulus  of  elasticity 
and  estimated  strength  ratio  (ESR)  were  used  as 
nondestructive  estimates  of  MOR  and  MOE  for 
assigning  lumber  to  different  treatment  groups. 
Regression  analysis  of  the  properties  of  the  green 
lumber  indicated  that  the  combination  of  FFMOE  and 
ESR  explained  about  60  percent  of  the  variation  in 
MOR.  This  is  similar  to  the  results  reported  by  Orosz 
(1968).  Inspection  of  the  mean  and  coefficient  of 
variation  (COV)  of  FFMOE  and  ESR  for  each  cell  of  the 
experimental  design  indicates  that  the  segregation 
scheme  produced  four  approximately  equivalent 
populations  (table  1).  Analysis  of  variance  of  FFMOE 
and  ESR  by  grade  and  by  size  showed  no  significant 
differences  in  mean  values  (minimum  p  =  0.51).  A 
pairwise  comparison  of  the  cumulative  distribution 
function  of  these  properties  using  the  Kolmogorov- 
Smirnov  two  sample  test  statistic  (Conover  1980) 
indicated  no  significant  differences  between  the 
treatment  groups  (p  >  0.75  for  virtually  all 
comparisons). 

Average  MCs  of  the  different  treatment  groups  were 
near  target  values  (table  2)  with  only  two  averages 
deviating  from  the  target  values  by  more  than  1 
percent.  The  distributions  of  MCs  of  the  three  groups 
of  lumber  graphically  illustrates  the  uniqueness  of  each 
treatment  (fig.  2).  In  fact,  the  95th  percentile  MC  of 
each  group  was  less  than  the  5th  percentile  of  the 
group  with  the  next  highest  moisture  level.  The  COV’s 
of  the  10  and  15  percent  treatment  groups  were 
generally  less  than  5  percent,  while  that  of  the  20 
percent  group  averaged  6.5  percent.  The  green  material 
had  a  large  variation  because  no  attempt  was  made  to 
control  this  property.  However,  it  is  assumed  that  MC 
does  not  influence  flexural  strength  and  stiffness  of 
lumber  at  moisture  levels  above  the  fiber  saturation 
point. 

Inspection  of  the  average  SG  presented  in  table  2 
indicates  that,  for  all  grade-size  combinations,  the  SG 
for  the  group  tested  green  tended  to  be  the  lowest  of 
the  four  values.  Given  the  random  manner  in  which  the 
samples  were  assigned  to  the  four  treatment  groups,  it 
is  difficult  to  see  why  this  should  have  occurred.  This 
specific  result  is  believed  to  reflect  an  effect  of 
different  drying  rates  on  shrinkage  and  not  a  real 
difference  in  material  properties.  Because  SG  samples 
were  cut  from  the  lumber  after  conditioning  and 
testing,  the  10  and  15  percent  groups  dried  slowly  to 
their  respective  EMC’s  before  being  placed  in  an  oven 
for  determination  of  ovendry  volume.  The  green  and  20 
percent  samples  had  little  opportunity  to  shrink  prior  to 
being  placed  in  the  oven  and  therefore  had  to  dry 
rapidly  once  wafers  were  cut  for  the  determination  of 
ovendry  volumes.  It  is  known  that  wood  dried  slowly  at 
high  temperatures  tends  to  shrink  more  than  wood 
dried  rapidly  (Stevens  1963). 


Table  l.-FMd  flatwise  modulus  of  elasticity  and  estimated 
strength  ratio  of  Southern  Pine  lumber  In  four  moisture 
content  groups' 


Table  2.-Molsture  content  and  specific  gravity  of  Southern 
Pine  lumber  in  four  moisture  content  groups 


Nominal  Grad#  1 
state 

Moisture 

content 

group 

Field 

Mean 

flatwise  modulus 

Standard  Coeffi- 
deviation  cient  of 
variation 

Mean 

strength 

ratios 

—  10'  Ib/in.1— 

- Pet - 

2x4 

Select 

Structural 

10 

1.564 

0.335 

21.4 

90 

15 

1.513 

0.357 

23.6 

91 

20 

1.519 

0.348 

22.9 

92 

Green 

1.480 

0.361 

24.4 

92 

No.  2 

10 

1.300 

0.348 

26.8 

75 

15 

1.285 

0.345 

26.8 

74 

20 

1.263 

0.364 

28.8 

75 

Green 

1.267 

0.340 

26.8 

74 

No.  3 

10 

1.251 

0.305 

24.4 

69 

15 

1.240 

0.341 

27.5 

65 

20 

1.254 

0.321 

25.6 

65 

Green 

1.241 

0.332 

26.7 

66 

2x6 

Select 

Structural 

10 

1.632 

0.340 

20.9 

91 

15 

1.587 

0.341 

21.5 

92 

20 

1.574 

0.362 

23.0 

91 

Green 

1.590 

0.360 

22.7 

91 

No.  2 

10 

1.562 

0.301 

19.2 

74 

15 

1.425 

0.341 

23.9 

75 

20 

1.422 

0.364 

25.6 

74 

Green 

1.411 

0.370 

26.2 

74 

No.  3 

10 

1.351 

0.387 

28.6 

69 

15 

1.367 

0.370 

27.1 

71 

20 

1.348 

0.367 

27.3 

70 

Green 

1.350 

0.375 

27.8 

70 

2x8 

Select 

Structural 

10 

1.492 

0.331 

22.2 

90 

15 

1.491 

0.345 

23.1 

90 

20 

1.473 

0.353 

24.0 

90 

Green 

1.458 

0.332 

22.8 

90 

No.  2 

10 

1.268 

0.288 

22.7 

70 

15 

1.300 

0.355 

27.3 

73 

20 

1.283 

0.305 

23.7 

70 

Green 

1.260 

0.298 

23.6 

72 

No.  3 

10 

1.282 

0.381 

29.7 

67 

15 

1.286 

0.347 

27.0 

69 

20 

1.272 

0.373 

29.4 

68 

Green 

1.339 

0.410 

30.6 

67 

'Measurements  made  on  green  lumber  and  were  the  basis  for 
assignment  of  specimens  to  the  four  treatment  groups. 


Moisture  content 

Moisture  _ _  Mean'/ 

content  Nominal  Sample  Coeffi-  ovendry 

group  size  Grade  size  Mean  cient  of  specific 

_ _ variation  gravity 


No. 

- Pet 

— 

Green 

2x4 

Select 

Structural 

130 

112.4 

22.3 

0.522 

No.  2 

111 

128.9 

22.8 

.479 

No.  3 

84 

124.4 

29.0 

.491 

2x6 

Select 

Structural 

127 

114.8 

21.4 

.536 

No.  2 

121 

135.6 

18.7 

.490 

No.  3 

78 

131.4 

16.9 

.490 

2x8 

Select 

Structural 

141 

108.2 

24.8 

.537 

No.  2 

103 

120.0 

28.0 

.497 

No.  3 

78 

118.1 

27.4 

.520 

20 

2x4 

Select 

Structural 

113 

19.2 

6.0 

.563 

No.  2 

112 

18.9 

5.5 

.503 

No.  3 

82 

18.6 

5.5 

.496 

2x6 

Select 

Structural 

112 

19.9 

5.6 

.549 

No.  2 

123 

19.7 

5.0 

501 

No.  3 

86 

19.8 

6.3 

.499 

2x8 

Select 

Structural 

134 

20.2 

7.8 

.542 

No.  2 

102 

20.2 

6.7 

.502 

No.  3 

79 

20.1 

8.8 

.522 

15 

2x4 

Select 

Structural 

111 

14.9 

3.4 

.557 

No.  2 

114 

14.8 

3.5 

.516 

No.  3 

91 

149 

2.6 

.511 

2x6 

Select 

Structural 

112 

14.3 

4.2 

.556 

No.  2 

122 

14.3 

4.6 

.527 

No.  3 

87 

14.3 

4.8 

.517 

2  x  8 

Select 

Structural 

138 

14.4 

4.3 

.548 

No.  2 

97 

14.3 

3.7 

.525 

No.  3 

77 

14.2 

3.6 

.520 

10 

2x4 

Select 

Structural 

103 

10.8 

4.3 

.546 

No.  2 

99 

10.7 

5.8 

.516 

No.  3 

96 

10.6 

2.3 

506 

2x6 

Select 

Structural 

118 

10.5 

3.7 

.563 

No.  2 

111 

10.4 

4.2 

.519 

No.  3 

81 

10.5 

3.6 

.519 

2  x  8 

Select 

Structural 

131 

10.3 

4.5 

546 

No.  2 

98 

10.2 

3.9 

505 

No.  3 

85 

10.2 

5.5 

.534 

Based  on  ovendry  weight  and  volume. 

o  250 
c 
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Moisture  Content  (Percent) 
Figure  2.— Distribution  of  the  moisture 
content  of  lumber  alter  conditioning  to  target 
moisture  contents  of  10,  15,  and  20  percent. 

(ML84  5 318) 


This  differential  drying  rate  between  the  wetter  and  the 
drier  groups  could  thus  explain  the  apparent 
differences  in  SG  with  treatment  groups.  Whether  or 
not  these  differences  in  SG  are  real,  they  are  probably 
not  of  practical  significance  because  a  2  to  8  percent 
difference  in  SG  is  not  likely  to  affect  lumber 
properties. 

Moisture  Effects  on  Mean  MOR  and  MOE 

The  mean  values  of  MOR  and  MOE  tend  to  increase 
with  drying  as  do  those  of  SSFMOE  (table  3).  Within  a 
moisture  content  group  the  No.  2  and  No.  3  grade 
material  had  a  lower  mean  MOE  and  MOR  than  the 
Select  Structural,  as  expected.  However,  in  a  number 
of  cases,  there  was  little  difference  between  the 
averages  of  No.  2  and  No.  3  lumber.  In  fact,  at  three  of 
four  moisture  levels  the  mean  MOR  of  2  by  8,  No.  3 
lumber  exhibited  a  higher  mean  than  2  by  8,  No.  2 
lumber.  These  trends  may  be  because  the  criteria  for 
segregating  some  of  the  pieces  into  the  No.  3  grade  are 
cosmetic  in  nature  (e.g.  wane  and  warp),  and  thus  the 
grade-controlling  defect  may  not  have  a  significant 
influence  on  average  strength. 

The  variability  of  MOR  and  MOE  generally  increased 
with  decreasing  quality  of  the  lumber.  This  may  also 
reflect  the  cosmetic  nature  of  some  grading  criteria. 
There  was  no  noticeable  trend  in  the  variation  about 
the  mean  MOR  with  the  MC  group  except  that  COV  was 
slightly  higher  for  all  categories  in  the  10  percent 
group.  There  were  no  practical  differences  between  the 
COV’s  for  edgewise  MOE  of  the  different  MC  groups. 

Weibull  parameter  estimates,  as  well  as  information 
concerning  the  goodness-of-fit  of  the  data  to  normal 
and  Weibull  distributions  are  given  in  Appendix  A. 
Cumulative  distribution  functions,  plots  of  percentiles 
by  MC,  and  dry-green  ratios  are  presented  in 
Appendix  B. 

The  SSFMOE  values  generally  parallel  the  MOE  values. 
This  indicates  that  further  regression  analysis  is 
warranted  in  order  to  fully  explore  the  effectiveness  of 
SSFMOE  in  the  mechanical  grading  of  green  lumber. 
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Analyses  of  variance  were  made  using  all  MOR  and 
MOE  data  to  gain  a  general  overview  of  the  mean 
effects  of  the  experimental  variables  (table  4).  As 
expected,  MC,  size,  and  grade  all  had  a  significant 
influence  on  both  MOR  and  MOE.  Additionally,  the 
interaction  of  MC  and  grade  and  the  interaction  of 
grade  and  size  was  significant  for  MOR  but  not  for 
MOE.  This  indicates  a  differential  influence  of  MC  on 
the  two  flexural  properties.  The  interaction  of  MC  and 
size  was  not  significant  for  either  MOR  or  MOE. 

Further  analysis  of  the  data  will  be  given  in  the  section 
on  comparison  of  data  sets. 

Table  5  presents  the  ratio  of  the  mean  MOR  and  MOE 
of  dry  to  that  of  green  lumber.  The  dry-green  ratio  of 
mean  bending  strength  shows  an  increase  with  drying 
that  is  consistent  with  the  current  adjustments 
provided  by  ASTM  D  245  (1982).  According  to  this 
standard,  lumber  which  is  dried  to  a  maximum  MC  of 
19  percent  (average  MC  of  15  pet)  is  allowed  a  25 
percent  increase  in  allowable  design  stresses  over  the 
green  lumber.  This  increase  is  not  dependent  on 
quality  and  is  assumed  to  be  applicable  to  all  pieces  in 
a  grade.  All  of  the  dry-green  ratios  of  mean  MOR  for 
the  15  percent  group  are  in  excess  of  1.25.  The  ASTM 
D  245  Increase  for  lumber  dried  to  a  maximum  MC  of 
15  percent  (average  MC  of  12  pet)  is  set  at  35  percent. 
This  is  also  generally  consistent  with  the  mean  results 
shown  in  table  5  as  only  one  value  is  less  than  35 
percent  in  the  10  percent  group. 


Table  4.— Partial  analysis  of  variance  table  for  modulus  of 
rupture  (MOR),  and  modulua  of  elasticity  (MOE) 

H0:  No  effect'  on  Hc:  No  effect'  on 
Degrees  modulus  of  rupture  modulus  ot  elasticity 
ol  _  _ 


Effect 

freedom 

F-statlatlc 

P 

F-statistlc 

P 

Grade 

2 

388.4 

<0.0001 

240.8 

<0.0001 

Size 

2 

127.0 

<0.0001 

10.3 

<0.0001 

Molstura 
content  (MC) 

3 

211.6 

<0.0001 

177.0 

<0.0001 

Grade  *  size 

4 

4.63 

0.0010 

1.38 

0.2391 

MC  *  grade 

6 

7.29 

<0.0001 

1.41 

0.2057 

MC  *  size 

6 

1.03 

0.4018 

1.52 

0.1667 

MC  *  size  * 
grade 

12 

0.56 

0.8723 

0.30 

0.9899 

'The  null  hypothesis  is  that  there  is  no  effect  of  the  factor  or 
interaction  on  MOR  or  MOE.  p  is  the  probability  that  if  this 
hypothesis  were  true  one  would  observe  the  given  differences 
or  larger  differences. 


The  ratios  of  the  mean  values  do  not  show  a  consistent 
relationship  with  material  quality  (grade)  for  all  sizes 
and  MC  groups.  A  decrease  in  the  ratios  of  mean  MOR 
and  MOE  with  decreasing  grade  is  most  evident  for 
2  by  4's  and  2  by  8’s.  For  the  2  by  4’s,  the  No.  2  and 
No.  3  grade  material  exhibited  less  of  a  drying  increase 
than  Select  Structural.  This  difference  in  dry-green 
ratios  between  grades  is  not  always  evident  with  the 
other  sizes. 

A  comparison  of  the  dry-green  ratios  at  different  MC 
levels  for  a  given  grade-size  combination  indicates  that 
the  largest  increase  in  MOR  occurs  in  drying  from  20  to 
15  percent.  Drying  from  15  to  10  percent  was  generally 
of  most  benefit  for  Select  Structural  material. 

The  increase  in  the  mean  value  of  edgewise  MOE  in 
response  to  drying  was  reasonably  consistent  between 
all  sizes  and  grades  of  lumber.  In  general,  a  moderate 
increase  was  sustained  in  drying  to  20  percent  with  a 
much  larger  increase  when  the  moisture  level  was 
reduced  to  15  percent.  Relatively  lower  increases  in 
mean  MOE  were  observed  between  the  15  and  10 
percent  group,  which  indicates  that  the  improvement  in 
mean  MOE  was  not  linear  with  decreasing  MC.  The 
dry-green  ratios  for  mean  MOE  also  support  the  ASTM 
D  245  (1982)  adjustments  for  seasoning  (1.14  for  drying 
to  an  average  MC  of  15  pet  and  1.20  for  drying  to  12 
pet). 

Moisture  Effects  on  Fifth 
Percentile  MOR 

Current  deterministic  design  procedures  for  lumber  are 
keyed  to  an  estimate  of  the  lower  fifth  percentile  of  the 
lumber  strength  distribution.  As  early  as  1912,  it  was 
recognized  that  in  full-size  lumber  with  defects  there 
could  be  a  reduction  in  strength  with  drying  for  low- 
quality  pieces  (Cline,  Heim  1912).  V'ilson  (1932) 
indicated  that  the  maximum  and  average  strength 
values  of  full-size  lumber  were  improved  with  drying, 
but  the  minimum  values  were  not  appreciably  affected. 
Green  (1980)  has  outlined  the  history  of  MC 
adjustments  for  lumber  and  showed  that  the 
differential  treatment  of  minimum  and  average  strength 
values  with  respect  to  moisture  effects  may  have  been 
lost  through  many  revisions  of  the  ASTM  standard. 


10  percent  15  percent  20  percent 
Nominal  moisture  molaturo  moisturs 

size  Qrado  contant  contant  contanl 
group  group  group 


Nominal  10  parcant  15  parcant  20  parcant 

alza  Grade  moiatura  moiatura  moiatura 
contant  contant  contant 

group  group  group 


MEAN  MODULUS  OF  RUPTURE 


2x4 

Select 

Structural 

1.53 

1.34 

1.13 

No.  2 

1.40 

1.30 

1.10 

No.  3 

1.32 

1.29 

1.08 

2x6 

Select 

Structural 

1.46 

1.36 

1.16 

No.  2 

1.36 

1.38 

1.10 

No.  3 

1.47 

1.39 

1.17 

2x8 

Select 

Structural 

1.52 

1.42 

1.11 

No.  2 

1.37 

1.41 

1.09 

No.  3 

1.40 

1.27 

1.06 

2x4 

MEAN  MODULUS  OF  ELASTICITY 

Structural  1.27  1.21 

1.05 

No.  2 

1.22 

1.20 

0.98 

No.  3 

1.18 

1.18 

1.02 

2x6 

Select 

Structural 

1.25 

1.24 

1.09 

No.  2 

1.24 

1.26 

1.06 

No.  3 

1.23 

1.26 

1.08 

2x8 

Select 

Structural 

1.28 

1.21 

1.07 

No.  2 

1.29 

1.21 

1.07 

No.  3 

1.25 

1.19 

1.02 

As  was  seen  with  mean  values,  fifth  percentile  MOR's 
tend  to  be  higher,  for  Select  Structural  than  for  No.  2 
and  No.  3  (table  3).  However,  at  the  fifth  percentile 
level  there  appear  to  be  greater  differences  between 
the  No.  2  and  No.  3  grades  for  the  dry  material.  The 
dry-green  ratios  of  fifth  percentile  MOR  values  confirm 
that  there  is  a  decided  quality  influence  at  the  fifth 
percentile  levels,  and  that  the  No.  2  and  No.  3  grade 
materials  are  substantially  different  from  one  another 
in  their  response  to  moisture  level  (table  6).  The  latter 
observation  is  less  noticeable  for  the  2  by  4  lumber.  Of 
particular  interest  is  the  consistent  reduction  in  the 
fifth  percentile  MOR  of  2  by  8,  No.  3  lumber  with  drying. 
This  reduction  occurs  despite  the  mild  drying  schedule 
used  in  this  study. 

It  should  be  cautioned  that  dry-green  ratios  of  fifth 
percentiles  are  much  less  stable  than  dry-green  ratios 
of  mean  values,  because  small  changes  in  the 
nonparametrlc  fifth  percentile  can  cause  a  relatively 
large  change  In  the  dry-green  ratio. 


2x4 

Select 

Structural 

1.46 

1.43 

1.13 

No.  2 

.96 

1.17 

1.10 

No.  3 

1.10 

1.15 

1.16 

2x6 

Select 

Structural 

1.46 

1.45 

1.61 

No.  2 

1.36 

1.32 

1.52 

No.  3 

1.11 

1.06 

1.25 

2x8 

Select 

Structural 

1.31 

1.71 

1.15 

No.  2 

1.11 

1.15 

1.06 

No.  3 

.83 

.87 

.96 

’Calculated  according  to  procedures  given  in  ASTM  D  2915-80 
(1982). 


Examination  of  table  6  indicates  that  the  bulk  of  the 
increase  in  the  dry-green  ratio  of  the  fifth  percentiles 
occurs  in  some  initial  increment  of  drying,  and  that 
past  this  point  there  is  little  increase  in  strength  with 
further  drying.  Although  the  moisture  level  at  which 
the  optimum  benefit  in  terms  of  fifth  percentile  MOR  is 
reached  varies  with  size  and  grade,  it  would  appear 
there  is  little  benefit  in  strength  to  dry  to  10  percent. 

As  has  been  noted  by  Jessome  (1971),  this  apparent 
optimum  moisture  level  is  probably  a  result  of  the 
contrasting  influences  of  MC  on  clear  wood  strength 
and  defect  propagation.  Initial  increases  in  strength 
with  drying  are  primarily  a  result  of  the  increase  in 
clear  wood  strength  with  decreasing  MC.  However,  the 
wood  is  also  shrinking  as  it  dries,  and  with  shrinkage 
the  severity  of  the  defects  increases  until  at  some 
point  the  gross  strength  of  the  wood  is  actually 
reduced.  A  similar  phenomenon  has  also  been 
observed  with  certain  mechanical  properties  of  clear 
wood  (Gerhards  1982)  but  generally  at  much  lower  MCs 
than  were  observed  in  this  study. 


Moisture  Effects  for  Moment 
Capacity  and  Stiffness 

Since  both  MOE  and  MOR  are  sensitive  to  MC,  design 
procedures  can  be  simplified  if  other  parameters  are 
used  which  are  relatively  Insensitive  to  changes  in 
moisture  level.  Possible  alternatives  are  flexural 
stiffness  (El)  and  moment  capacity  (RS). 

For  a  constant  span,  the  ability  of  a  beam  to  resist 
deflection  is  indicated  by  the  product  of  the  MOE  and 
the  moment  of  inertia.  This  product  is  termed  the 
flexural  stiffness.  Because  MOE  tends  to  increase  and 
the  moment  of  inertia  decreases  as  wood  dries,  these 
factors  tend  to  offset  one  another.  In  fact,  several 
researchers  have  found  that  the  effect  of  drying  from 
the  green  condition  results  in  minimal  or  insignificant 
changes  in  El  (Covington,  Fewell  1975;  Green  1980; 
Madsen,  Janzen,  Zwaagstra  1980).  The  insensitivity  of 
El  to  drying  appears  to  be  dependent  upon  the  species, 
the  moisture  history  of  the  material,  and  the  moisture 
gradient  over  the  cross  section  of  the  piece. 

The  load  that  a  piece  of  lumber  can  support  in  flexure 
depends  on  RS,  the  product  of  the  MOR  and  the 
section  modulus.  Although  few  studies  have  compared 
RS  before  and  after  seasoning,  because  of  offsetting 
effects,  RS  may  also  be  relatively  insensitive  to  drying. 
Johnson  (1965)  found  values  of  the  average  dry-green 
ratio  for  mean  RS  of  from  1.24  to  1.30  for  different 
grade  2  by  6  Douglas  Fir  joists.  Madsen  et  al.  (1980) 
showed  that  there  was  an  interaction  between  the 
strength  level  of  several  species  and  the  change  in  RS 
caused  by  drying.  With  the  highest  quality  material,  RS 
was  increased  significantly  with  drying  to  a  12  to  15 
percent  MC,  but  further  drying  caused  a  decrease  in 
moment  capacity.  With  material  of  medium  or  lower 
capacity,  there  was  little  effect  of  drying  on  RS  except 
at  very  low  percentiles  (which  were  reduced  slightly). 

Descriptive  statistics  for  the  flexural  stiffnesses  and 
moment  capacities  obtained  in  this  study  are  shown  in 
table  7.  Weibull  distributions  fit  to  these  data  are 
summarized  in  Appendix  A.  Cumulative  distribution 
functions  are  given  in  Appendix  B. 

Mean  Moment  Capacity 

The  dry/green  ratios  of  mean  RS  by  grade  and  size 
(table  8)  are  markedly  lower  than  the  MOR  counterparts 
in  table  5.  Nevertheless,  the  ratios  are  significantly 
greater  than  1.0  for  the  three  dry  groups,  indicating  the 
sensitivity  of  RS  to  MC.  As  with  MOR,  the  increases  in 
mean  RS  with  drying  are  generally  less  with  the  lower 
grades  and  are  not  linear  with  decreasing  MC.  The 
magnitude  of  the  increase  at  the  10  percent  moisture 
level  in  the  Select  Structural  lumber  is  on  the  same 
order  as  that  shown  by  Johnson  (1965)  and  Madsen  et 
al.  (1980). 


Fifth  Percentile  Moment  Capacity 

Comparison  of  the  dry-green  ratios  of  the  5th 
percentile.  >r  MOR  and  RS  (tables  6  and  8)  indicates 
that  for  the  two  drier  groups  much  of  the  increase  in 
MOR  with  drying  is  offset  by  the  reduction  in  the 
section  modulus.  With  the  lower  grades,  the  decrease 
in  section  modulus  may  offset  any  increase  in  MOR 
due  to  drying.  This  is  particularly  noticeable  with  the 
lumber  that  was  dried  to  10  percent  MC. 

Mean  Flexural  Stiffness 

The  dry-green  ratios  of  mean  El  are  noticeably  lower 
than  those  of  mean  MOE  (tables  5  and  8).  These  values 
are  consistent  with  other  studies  and  indicate  that  the 
decrease  in  moment  of  inertia  almost  offsets  any 
increase  in  MOE  and  results  in  a  relatively  modest 
improvement  in  stiffness  with  drying.  In  general,  these 
ratios  are  consistently  greater  than  or  near  1.0,  which 
indicates  that  drying  is  not  injurious  for  any  grade. 
Indeed,  the  modest  increases  are  quite  similar  for  all 
levels  of  material  quality.  Except  for  the  2  by  6's  there 
are  no  consistent  trends  that  would  point  to  a 
reduction  in  mean  El  with  drying  below  15  percent. 

Comparison  of  Data  Sets 

In  this  section  we  compare  the  distributions  of  each  of 
the  36  grade-size-moisture  content  combinations  to 
look  for  similarities  and  differences.  Combining 
various  subsets  of  the  data  may  be  desirable  to  more 
clearly  delineate  general  trends  in  treatment  effects  or 
perhaps  to  achieve  certain  production  or  marketing 
goals.  However,  if  the  groups  are  too  dissimilar, 
combining  them  may  also  obscure  general  trends  or 
mask  real  discrepancies.  Decisions  concerning 
proposed  groupings  should  be  approached  from  two 
perspectives;  statistical  and  practical.  Some 
information  on  which  to  base  practical  decisions 
(percentiles,  dry-green  ratios,  etc.)  has  been  presented. 
Other  approaches,  such  as  the  use  of  probabilistic 
methods  to  establish  adjustment  factors,  are 
suggested  in  the  literature  (Green  1980).  This  section 
will  present  a  statistical  evaluation  of  the  differences 
between  groups. 


Table  7.-F1exural  stiffness  and  moment  capacity  ot  Southern  Pine  dimension  lumber  at  different  equilibrium  moisture  contents 


Flexural  stiffness 

1 

Moment  capacity' 

Moisture 

Coefli- 

Coeffl- 

Nominal 

content 

Standard 

cient  of 

Standard 

cient  of 

Fifth 

size 

Grade 

Mean 

deviation 

variation 

Mean 

deviation 

variation 

percentile 

—10*  lb-in.1— 

Pet 

— 10*  in. -lb  — 

Pet 

TO1  in. lb. 

2x4 

Select 

Structural 

10 

9.80 

1.87 

19.1 

35.57 

8.62 

24.2 

21.36 

15 

9.69 

2.40 

24.8 

32.11 

6.94 

21.6 

21.11 

20 

8.94 

1.90 

21.3 

28.37 

5.72 

20.2 

17.09 

Green 

9.04 

2.18 

24.1 

26.15 

6.13 

23.4 

15.90 

No.  2 

10 

8.21 

2.14 

26.1 

25.48 

10.94 

42.9 

7.93 

15 

8.37 

2.50 

29.9 

24.35 

8.65 

35.5 

9.66 

20 

7.21 

2.02 

28.0 

21.36 

6.82 

31.9 

9.43 

Green 

7.75 

2.15 

27.8 

20.27 

7.09 

35.0 

8.85 

No.  3 

10 

7.67 

2.02 

26.4 

22.73 

11.24 

49.5 

7.66 

15 

7.86 

2.21 

28.1 

22.74 

8.90 

39.2 

8.15 

20 

7.21 

1.98 

27.4 

19.83 

6.97 

35.2 

8.51 

Green 

7.41 

2.13 

28.8 

19.10 

7.24 

37.9 

7.53 

2x6 

Select 

Structural 

10 

38.54 

6.90 

17.9 

78.46 

20.62 

26.3 

41.17 

15 

39.93 

7.79 

19.5 

75.29 

18.79 

25.0 

41.92 

20 

37.24 

7.41 

19.9 

67.39 

11.39 

16.9 

48.38 

Green 

36.11 

8.05 

22.3 

60.28 

14.13 

23.4 

31.06 

No.  2 

10 

33.05 

7.50 

22.7 

54.65 

26.34 

48.2 

18.79 

15 

35.01 

8.65 

24.7 

56.95 

24.33 

42.7 

19.40 

20 

31.26 

7.72 

24.7 

47.45 

18.00 

37.9 

22.37 

Green 

31.02 

8.62 

27.8 

44.95 

18.98 

42.2 

15.50 

No.  3 

10 

31.64 

7.37 

23.3 

53.97 

25.16 

45.6 

15.79 

15 

33.68 

9.30 

27.6 

52.81 

25.31 

47.9 

15.31 

20 

30.45 

8.92 

29.3 

46.02 

18.44 

40.1 

19.08 

Green 

29.62 

8.80 

29.7 

40.91 

18.04 

44.1 

15.52 

2x8 

Select 

Structural 

10 

91.28 

18.16 

19.9 

125.35 

38.86 

31.0 

52.91 

15 

90.45 

16.55 

18.3 

121.07 

27.53 

22.7 

72.19 

20 

84.25 

17.52 

20.8 

97.96 

23.69 

24.2 

49.50 

Green 

83.34 

17.67 

21.2 

92.65 

24.66 

26.6 

44.70 

No.  2 

10 

77.66 

16.08 

20.7 

83.45 

41.66 

49.9 

26.83 

15 

75.71 

17.34 

22.9 

87.76 

38.88 

44.3 

30.32 

20 

70.45 

17.96 

25.5 

70.66 

30.15 

42.7 

28.81 

Green 

69.08 

17.34 

25.1 

67.44 

26.40 

39.1 

27.78 

No.  3 

10 

76.71 

25.54 

33.3 

90.80 

49.54 

54.5 

22.53 

15 

76.38 

20.01 

26.2 

85.90 

39.93 

46.5 

24.03 

20 

68.34 

20.71 

30.3 

74.18 

31.01 

41.8 

27.36 

Green 

70.92 

19.93 

28.1 

73.00 

30.85 

42.3 

29.47 

'Original  data  contained  three  significant  digits. 

Additional  digits  retained  to  permit  further  computations  with  minimum 

round-off  error. 


Tabic  8.~R*tlo  of  dry  to  green  properties  for  moment  capacity  and  mean  flexural  stiffness 


Mean  flexural  stiffness 


Moment  capacity 


Nominal  Grade  _  10  percent  15  percent  20  percent 

site  10  15  20  _ 

_ percent  percent  percent  Mean _ NPE' _ Mean _ NPE' _ Mean _ NPE* 


2x4 

Select 

Structural 

1.08 

1.07 

0.99 

No.  2 

1.06 

1.08 

.93 

No.  3 

1.04 

1.06 

.97 

2x6 

Select 

Structural 

1.07 

1.11 

1.03 

No.  2 

1.07 

1.13 

1.01 

No.  3 

1.07 

1.14 

1.03 

2x8 

Select 

Structural 

1.10 

1.09 

1.01 

No.  2 

1.12 

1.10 

1.02 

No.  3 

1.08 

1.08 

.96 

1.36 

1.34 

1.23 

1.33 

1.08 

1.07 

1.25 

.90 

1.20 

1.09 

1.05 

1.07 

1.15 

1.02 

1.15 

1.08 

1.00 

1.13 

1.30 

1.33 

1.25 

1.35 

1.12 

1.56 

1.22 

1.21 

1.27 

1.25 

1.06 

1.44 

1.32 

1.02 

1.29 

.99 

1.12 

1.23 

1.35 

1.18 

1.31 

1.61 

1.06 

1.11 

1.24 

.97 

1.30 

1.09 

1.05 

1.04 

1.24 

.76 

1.18 

.82 

1.02 

.93 

'NPE  =  Nonparametric  estimate  of  the  fifth  percentile  (ASTM  D  2915-80,  1982). 


Three  tests  were  performed  to  test  the  hypothesis  that 
there  was  no  difference  between  groups.  The 
equivalency  of  the  overall  property  distributions  was 
evaluated  using  the  Kolomogorov-Smirnov  two-sample 
test  statistic  (Conover  1980).  A  comparison  of  mean 
values  was  conducted  by  first  computing  an  analysis  of 
variance  (ANOVA)  for  each  variable  and  then 
conducting  a  multiple  comparison  of  the  groups  using 
a  series  of  modified  two-sample  t-tests  (Miller  1981). 

The  t  statistic  was  calculated  in  two  ways:  (1)  using 
the  overall  variance  from  the  ANOVA  and  (2)  using  the 
individual  variances  for  the  two  groups  involved. 

Finally,  a  comparison  of  selected  p,h  percentiles  was 
conducted  using  a  modified  median  (chi-square)  test 
with  continuity  correction  (Conover  1980).  With  the 
sample  sizes  used  in  this  study,  the  modified  median 
test  lacks  power  (will  tend  to  indicate  that  percentiles 
are  equal  when  in  fact  they  may  not  be)  when  applied 
to  percentiles  in  the  tails  of  the  distribution.  This  is 
because  of  the  scarcity  of  observations  in  the  tail 
regions. 

A  summary  of  the  results  for  these  tests  is  presented 
in  table  9  for  MOR  and  MOE  and  in  table  10  for  El  and 
RS.  If  none  of  the  groups  could  be  considered  equal 
(p  <  0.2  for  each  comparison)  then  the  entry  is  “none 
equal."  Otherwise  the  groups  are  listed.  The  ordering 
has  no  importance  in  the  case  of  distributions.  For 
means  and  fifth  percentiles  the  groups  are  ordered 
from  high  to  low.  If  two  groups  share  a  common 
underline,  there  is  insufficient  evidence  for  them  to  be 
considered  different,  p  >  0.2.  If  groups  do  not  share  a 
common  underline  they  cannot  be  considered  equal, 
p  <  0.2. 


Modulus  of  Rupture 

The  results  presented  in  table  9  suggest  that  No.  2  and 
No.  3  grades  may  be  combined  for  many  moisture 
content-size  combinations.  This  conclusion  is 
consistent  with  the  previous  discussion  of  moisture 
effects  on  mean  MOR.  The  lack  of  power  of  the 
modified  median  test  for  fifth  percentile  MOR  is 
evident,  however,  when  one  compares  the  potential 
groupings  listed  in  table  9  with  the  MOR’s  shown  in 
table  3.  For  example,  comparing  No.  2  and  No.  3 
grades  at  the  10  percent  MC  level,  fifth  percentile 
estimates  that  differ  by  20  to  25  percent  would  still  be 
grouped.  This  estimate  of  power  for  the  modified 
median  test  is  contrasted  with  the  t-test  used  for  the 
mean  values  where  a  difference  of  approximately  10 
percent  is  required  in  order  to  reject  equality.  The 
results  also  suggest  that,  in  general,  it  is  not  wise  to 
lump  sizes  or  MC  levels  when  considering  MOR. 

The  effect  of  MC  on  the  pattern  of  the  MOR  cumulative 
frequency  distributions  at  the  four  MC  levels  for  No.  2 
and  No.  3  grade  lumber  is  shown  in  figure  3.  The 
influence  of  MC  is  not  uniform  over  the  entire 
distribution.  Rather,  drying  had  the  greatest  impact  on 
the  highest  quality  lumber  and  the  least  impact  on  the 
lowest  quality.  As  can  be  seen  from  the  individual 
plots,  Appendix  figure  B1,  this  observation  is  true  for 
all  grade-size  combinations. 


Table  9. -Modulus  of  rupturs  and  modulus  of  alastlcity:  Groups  for  which  squallty  cannot  be  rejected  at  p  =  0.2. 


Basis  of  comparison 

Moisture 

Nominal  content 

size  Grade  group 

Modulus  of  rupturs 

Modulus  of  elasticity 

Distribution 

Moan 

Fifth  percentile 

Distribution 

Moan 

2x4 

Select 

MOISTURE  CONTENT 

Structural 

none  equal' 

none  equal 

10  15  20  green’ 

10  15  20  green 

none  equal 

No.  2 

none  equal 

none  equal 

15  20  green  10 

10  15  20  green 

10  15  green  20 

No.  3 

10  15  20  green 

10  15  20  green 

20  15  10  green 

10  15  20  green 

10  15  20  green 

2x6 

Select 

Structural 

none  equal 

none  equal 

20  10  15  green 

10  15  20  green 

10  15  20  green 

No.  2 

10  15  20  green 

15  10  20  green 

20  10  15  green 

10  15  20  green 

15  10  20  green 

No.  3 

10  15  20  green 

10  15  20  green 

20  10  15  green 

10  15  20  green 

15  10  20  green 

2x8 

Select 

Structural 

none  equal 

none  equal 

15  10  20  green 

none  equal 

none  equal 

No.  2 

10  15  20  green 

15  10  20  green 

15  10  20  green 

10  15  20  green 

none  equal 

No.  3 

none  equal 

10  15  20  green 

green  20  15  10 

10  15  20  green 

10  15  20  green 

SIZE 

Select 

Structural 

10 

none  equal 

none  equal 

none  equal 

468 

468 

15 

none  equal 

none  equal 

468 

468 

648 

20 

none  equal 

none  equal 

648 

48“ 

6"48 

Green 

none  equal 

none  equal 

468 

648 

648 

No  .  2 

10 

468 

none  equal 

468 

468 

648 

15 

468 

none  equal 

468 

486 

none  equal 

20 

non6  equal 

none  equal 

468 

486 

684 

Green 

none  equal 

none  equal 

486 

468 

648 

No.  3 

10 

468 

468 

none  equal 

468 

864 

15 

468 

46  8 

468 

468 

684 

20 

none  equal 

none  equal 

468 

468 

648 

Green 

468 

4  6_8 

4_8  6 

468 

468 

GRADE 

2x4 

10 

none  equal 

none  equal 

SS  23 

none  equal 

none  equal 

2x6 

SS23 

SS  2_3 

SS  23 

SS  23 

SS23 

2x8 

none  equal 

SS  2_3 

SS  23 

none  equal 

SS  2_3 

2x4 

15 

SS  23 

none  equal 

SS  23 

SS23 

none  equal 

2x6 

none  equal 

SS23 

none  equal 

SS23 

SS  2_3 

2x8 

SS  23 

SS  2_3 

SS  23 

SS  2_3 

SS  2_3 

2x4 

20 

none  equal 

none  equal 

SS  2_3 

SS2_3 

SS  2  3 

2x6 

SS  2  3 

SS  2  3 

none  equal 

SS  2  3 

SS  2  3 

2x8 

none  equal 

SS  2_3 

SS2_3 

SS  2_3 

SS  2_3 

2x4 

Green 

SS23 

SS  23 

none  equal 

SS  2_3 

SS2J3 

2x6 

SS  2_3 

none  equal 

SS23 

SS23 

SS  2  3 

2x8 

SS  2  3 

SS  2  3 

SS  2  3 

SS  2  3 

SS  2  3 

’None  equal  =  for  each  combination  of  two  groups,  equality  was  rejected  p  <  0.2. 


'Groups  sharing  a  common  underline  cannot  be  considered  different  p  >  0.2.  Groups  which  do  not  share  a  common  underline, 
p  <  0.2.  For  distributions,  order  of  groups  does  not  represent  order  of  distribution.  For  means  and  fifth  percentile,  groups  are 
ordered  from  high  to  low. 
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Flexural  stiffness,  El 


Basle  of  comparison _ _ Moment  capacity,  RS 

Nominal 


size 

Grade 

Distribution 

Mean 

Fifth  percentile 

Distribution 

Mean 

2x4 

Select 

Structural 

none  equal' 

none  equal 

10  15  20  green' 

10  15  20  green 

10  15  green  20 

No.  2 

10  15  20  green 

10  15  20  green 

15  20  green  10 

10  15  20  green 

15  10  green  20 

No.  3 

10  15  20  green 

15  10  20  green 

20  15  green  10 

10  15  20  green 

15  10  green  20 

2x6 

Select 

Structural 

none  equal 

10  15  20  green 

20  15  10  green 

10  15  20  green 

15  10  20  green 

No.  2 

10  15  20  green 

10  15  20  green 

20  15  20  green 

10  15  20  green 

15  10  20  green 

No.  3 

10  15  20  green 

10  15  20  green 

20  green  10  15 

10  15  20  green 

15  10  20  green 

2x8 

Select 

Structural 

none  equal 

10  15  20  green 

15  10  20  green 

10  15  20  green 

10  15  20  green 

No.  2 

10  15  20  green 

15  10  20  green 

15  20  green  10 

10  15  20  green 

10  15  20  green 

No.  3 

10  15  20  green 

10  15  20  green 

green  20  15  10 

10  15  20  green 

10  15  green  20 

'None  equal  =  for  each  combination  of  two  groups,  equality  was  rejected  p  <  0.2. 

'Groups  sharing  a  common  underline  can  not  be  considered  different  p  >  0.2.  Groups  which  do  not  share  a  common  underline,  p  < 
0.2.  For  distributions,  order  of  groups  does  not  represent  order  of  distribution.  For  means  and  fifth  percentile  groups  are  ordered 
high  to  low. 


Drying  the  No.  2  and  No.  3  grade  lumber  from  green  to 
20  percent  generally  results  in  a  slight  increase  in  MOR 
for  a  significant  proportion  of  the  distribution  (fig.  3). 
However,  for  some  grade-size  combinations,  especially 
2  by  8’s,  there  is  no  increase  in  the  lower  end  of  the 
distribution  (fig.  B1).  Drying  from  20  to  15  percent  had 
a  pronounced  effect  on  the  stronger  samples,  with  the 
effect  gradually  decreasing  to  the  point  that  there  was 
no  effect  on  the  weaker  pieces  (below  about  the  20th  to 
30th  percentile).  Further  drying  to  10  percent  generally 
caused  a  relatively  moderate  increase  in  the  MOR  of 
the  stronger  pieces,  but  was  injurious  to  much  of  the 
lower  half  of  the  distribution  (fig  3).  Even  in  the  upper 
end  of  the  distribution,  drying  from  15  to  10  percent  MC 
was  of  little  benefit  for  some  grade-size  combinations 
(table  11,  figs.  B1  and  B5). 


All  Sizes  —  Grades  2  &  3 


Figure  3 —Form  ol  the  cumulative  frequency 
distributions  of  MOR  tor  No.  2  and  No.  3 
grade  lumber  combined.  (ML84  5319) 
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Percentile  level 

Nominal 

Grade 

sizo 

S 

10 

26 

50 

75 

90 

95 

MOR 

2x4 

Select 

Structural 

2.5 

14.6 

7.9 

11.5 

18.3 

17.0 

15.0 

No.  2 

•17.8 

-14.0 

-3.9 

4.1 

14.6 

16.2 

18.3 

No.  3 

-3.8 

-11.3 

-14.8 

-6.9 

8.1 

12.6 

2x6 

Select 

Structural 

0.8 

-4.8 

7.7 

6.6 

9.1 

9.9 

12.3 

No.  2 

3.4 

•0.7 

-14.7 

-5.1 

-1.0 

2.3 

9.3 

No.  3 

4.7 

27.5 

10.7 

11.0 

0.5 

5.9 

5.0 

2x8 

Select 

Structural 

-23.5 

■16.0 

•1.8 

9.7 

16.1 

16.3 

16.0 

No.  2 

•3.1 

-4.7 

-3.1 

-9.2 

2.7 

4.3 

3.0 

No.  3 

-4.4 

-18.9 

-11.7 

15.0 

19.9 

15.4 

12.4 

MOE 

2x4 

Select 

Structural 

22.8 

16.0 

10.9 

6.2 

1.0 

-3.1 

-1.1 

No.  2 

4.4 

6.3 

5.0 

3.6 

-4.8 

-3.5 

No.  3 

10.3 

2.8 

-4.0 

3.0 

-1.0 

4.9 

2x6 

Select 

Structural 

-1.0 

9.7 

5.7 

1.5 

-1.6 

-0.6 

-0.2 

No.  2 

15.6 

7.2 

-0.8 

-3.9 

-6.9 

0.0 

-3.1 

No.  3 

20.8 

10.8 

-1.4 

-1.7 

-2.4 

-6.8 

-4.1 

2x8 

Select 

Structural 

4.7 

1.7 

5.8 

5.6 

3.4 

6.8 

9.5 

No.  2 

5.7 

8.2 

7.0 

6.9 

0.8 

3.7 

No.  3 

-9.5 

-3.0 

0.0 

-0.5 

11.2 

14.5 

12.4 

'Percent  change  s  100  x  (value  at  15  percent-value  at  10  percent)  +  value  at  15  percent. 


With  Select  Structural  2  by  4  lumber,  drying  from  the 
green  condition  increased  the  strength  almost 
uniformly  throughout  the  distribution  (fig.  4).  This  was 
true  for  2  by  6  and  2  by  8  lumber  also,  and  contrasts 
markedly  with  the  general  trend  for  No.  2  and  No.  3 
grade  lumber.  As  with  the  No.  2  and  No.  3  grade,  the 
biggest  benefit  from  dry  Select  Structural  lumber 
appears  to  occur  with  drying  from  20  to  15  percent. 
Drying  from  15  to  10  percent  MC  increases  the  MOR  of 
the  2  by  4  Select  Structural  lumber  markedly  for  all  but 
the  lower  5  percent  of  the  strength  distribution 
(table  11).  With  2  by  6  and  2  by  8  lumber  the 
Improvement  was  generally  limited  to  the  upper 
70  to  85  percent  of  distribution  with  the  lower  20 
percent  of  the  2  by  8  lumber  showing  a  noticeable 
decrease  In  strength  with  drying  from  15  to  10  percent 
(figs.  B1  and  B5). 


The  dry-green  ratios  for  drying  to  15  percent  for  the 
individual  grades  and  sizes  is  illustrated  in  figure  5  as 
a  function  of  position  in  the  strength  distribution.  Here 
the  three-parameter  Weibull  distribution  (Appendix  A) 
was  first  fit  to  the  MOR  data  in  order  to  smooth  the 
distributions  (dry-green  ratio  plots  for  individual  grade- 
size  combinations  are  shown  in  fig.  B7).  At  the  median 
(50th  percentile)  the  ratio  is  between  1.28  and  1.40  and 
does  not  change  greatly  down  to  about  the  35th 
percentile. 
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Modulus  of  Rupture  (1000  psi) 


Figure  4. —Cumulative  frequency 
distributions  for  MOR  of  2  by  4  Select 
Structural  lumber.  (UL84  5 320) 
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Cumulative  Frequency 

Figure  5.— Effect  of  position  in  the  MOR 
distributions  on  the  dry-green  ratio  ol  lumber 
dried  to  IS  percent  moisture  content  ( ratios 
obtained  from  fitted  three-parameter  Weibull 
distributions).  (ML84  5 291) 


The  results  presented  previously  Indicate  that  drying 
lumber  from  15  to  10  percent  may  have  a  detrimental 
effect  on  the  MOR  of  lumber  in  the  lower  half  of  the 
strength  distribution  for  No.  2  and  No.  3  grade  material, 
and  may  be  of  limited  benefit  for  Select  Structural.  A 
considerable  savings  in  reduced  drying  costs  and 
reduced  loss  of  quality  could  be  obtained  by  lumber 
producers  and  consumers  if  lumber  were  only  dried  to 
an  average  MC  of  15  percent.  It  is  cautioned,  however, 
that  increased  strength  is  not  the  primary  reason  for 
drying  lumber.  Market  acceptance  of  lumber  dried  to  a 
particular  MC  must  also  be  considered.  The  number  of 
drying-related  defects  in  a  board  tend  to  increase  with 
decreasing  MC.  If  lumber  is  not  carefully  dried  to  a  MC 
low  enough  for  the  intended  use,  then  the  cost  of  any 
additional  degrade  will  either  be  borne  by  consumers  or 
they  may  select  an  alternative  species.  Changes  in 
drying  practices  should  therefore  only  be  made  after 
careful  consideration  of  ail  possible  implications  of  the 
change. 

The  crossing  of  probability  distribution  functions  in  the 
lower  quarter  of  the  strength  distribution  presents  an 
interesting  dilemma  for  code  authorities.  Current 
deterministic  design  procedures  would  suggest  that 
moisture  adjustment  factors  should  be  based  solely  on 
the  ratios  of  fifth  percentile  strength  estimates.  Yet, 
entirely  different  decisions  might  be  reached  on 
adjustment  factors  if  the  ratios  of  strengths  at  slightly 
higher  (or  lower)  percentile  levels  w  -e  considered.  A 
more  realistic  estimate  of  structural  performance  might 
be  obtained  if  probabilistic  procedures  were  used. 
However,  It  is  not  apparent  that  such  procedures  will 
be  adopted  for  lumber  in  the  next  few  years.  It  has 
been  suggested  that  probabilistic  considerations  could 
be  used  to  obtain  the  adjustment  factors  for  use  in  a 
deterministic  design  format  (Green  1980).  This  woultf 
be  accomplished  by  superimposing  the  same  load 
distribution  on  two  material  property  frequency 
distributions  obtained  for  different  moisture  control 
levels,  and  then  determining  what  single  factor  tsne 
property  distribution  could  be  multiplied  by  in  order  to 
obtain  the  same  probability  of  failure  as  calculated  for 
the  other  property  distribution.  This  “shift  factor” 
would  be  the  MC  adjustment  factor  used  in  design 
codes.  Work  is  currently  in  progress  to  define 
appropriate  load  distributions  for  use  in  such  reliability 
analyses  (Thurmond,  Woeste,  Green  1983). 

Modulus  of  Elasticity 

The  data  in  table  9  indicate  that  MOE  is  less  sensitive 
to  size  and  grade  effects  than  is  MOR.  In  all  cases,  the 
mean  MOE  of  Selecl  Structural  was  higher  than  that  of 
No.  2  or  No.  3  (table  3).  In  most  cases  the  MOE  of  No. 

2  is  higher  than  No.  3,  but  the  actual  difference  (which 
ranges  from  a  2.4  percent  reduction  in  the  MOE  of  No. 

2  versus  that  of  No.  3  for  green  2  by  8's  to  an  8  percent 
increase  for  2  by  4’s  at  10  percent  moisture  content) 
was  not  significant.  In  many  cases  the  differences  in 
MOE  between  sizes  was  also  not  significant. 


AH  Grade$  and  Sues 


Modulus  of  Elasticity 


Figure  6.— Form  of  the  cumulative  frequency 
distributions  of  MOE  for  target  moisture 
contents  of  10,  IS,  and  20  percent,  all  grades 
end  sizes  combined.  (ML84  5321) 
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Figure  7.— Effect  of  position  in  the  MOE 
distribution  on  the  dry-green  ratio  of  lumber 
dried  to  IS  percent  moisture  content  (ratios 
obtained  from  fitted  three-parameter  Weibull 
distribution).  (ML84  5292) 


In  general,  drying  improves  the  MOE  of  the  lumber 
nearly  uniformly  over  the  entire  range  of  distribution 
(fig.  6).  Again,  the  largest  increase  is  for  drying 
between  20  and  15  percent,  with  the  increases  from 
green  to  20  percent  and  from  15  to  10  percent  being 
noticeably  less.  Drying  from  15  to  10  percent  MC  is  not 
always  advantageous,  especially  for  No.  3  grade  lumber 
(figs.  B2  and  B6,  table  11). 

The  effect  of  drying  on  MOE  is  much  less  dependent  on 
the  position  in  the  distribution  than  it  is  for  MOR.  This 
can  be  seen  with  the  dry-green  ratio  (obtained  from 
Weibull  fits)  for  lumber  dried  to  a  MC  of  15  percent 
(fig.  7).  These  results  are  reasonable  because  MOE  is 
more  of  a  "whole  piece”  property  rather  than  a  “point” 
property.  That  is,  the  ultimate  strength  in  bending  is 
generally  either  compression-face  or  tension-face 
oriented  and  is  dependent  on  the  strength  of  the 
weakest  section  in  the  area  of  maximum  moment. 
However,  MOE  is  a  composite  of  all  the  variation  in 
elasticity  along  the  piece  of  lumber.  Therefore,  it  is 
reasonable  to  find  that  MOE  is  less  dependent  on  the 
action  of  drying  on  a  critical  defect  or  defects,  hence 
the  fairly  uniform  effect  along  the  entire  distribution  of 
elastic  moduli.  Dry-green  ratio  plots  for  individual 
grade-size  combinations  are  shown  in  figure  B8. 

Moment  Capacity  and  Stiffness 

As  would  be  expected,  the  form  of  cumulative 
frequency  distributions  for  RS  and  El  are  virtually 
identical  to  those  given  for  MOR  and  MOE  (figs.  3,6). 

As  previously  noted,  however,  RS  and  El  are  less 
sensitive  than  are  MOR  and  MOE  (respectively)  to 
changes  in  MC  (table  10).  Cumulative  frequency 
distributions  for  RS  and  El  are  shown  in  figures  B5 
and  B6. 
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Conclusions 
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Based  on  the  study  results  we  conclude  that: 
f  1>  In  general,  drying  increases  the  flexural  properties 
of  Southern  Pine  dimension  lumber. 

C2>  Improvements  ln,MOR  and  MQE  with  drying  are 
significant  for  Select  Structural  lumber  at  virtually  all 
levels  of  the  cumulative  frequency  distribution.  The 
magnitude  of  the  increase  for  mean  MOE  and  fifth 
percentile  MOR  for  Select  Structural  lumber  appears  to 
exceed  that  assumed  in  ASTM  standard  0245-81  for 
lumber  dried  to  an  equilibrium  Me  of  t5-pereefttJY~ 

( 3)  The  degree  of  improvement  in  strength  as  lumber 
dries  decreases  as  lumber  quality  decreases  and  width 
Increases.  For  lower  grades  and  wider  widths,  the  25  % 
O  percent  increase  in  fifth  percentile  MOR  assumed  in 
D245-81  appears  excessive. 

fti  The  effect  of  MC  on  MOE  is  relatively  independent 
of  lumber  size  and  quality. 

5.  Drying  lumber  to  an  average  MC  less  than  15  Qro 
iwennfcannot  usually  be  justified  on  the  basis  of 
improvements  in  flexural  strength  and  stiffness. 

Questions  as  to  the  applicability  of  these  data  to  other 
species  and  other  failure  modes  will  be  addressed  in 
subsequent  publications.  Future  reports  will  also 
present  analytical  models  and  probabilistic  procedures 
for  adjusting  in-grade  data  that  might  also  be 
considered  for  adoption  by  engineering  code 
authorities.  Until  this  series  of  reports  is  complete  the 
results  of  this  study  should  not  be  Incorporated  into 
engineering  design  codes. 
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Appendix  A 

Distributional  Form  of  the  Flexural  Data 


Normality 

The  data  were  tested  for  normality  using  the  one 
sample  Kolmogorov-Smirnov  goodness-of-fit  test  (KS) 
(Conover  1980;  SAS  Institute  1979)  and  the  probability 
plot  correlation  coefficient  test  (PPC)  (Filliben  1975). 

The  PPC  test  Is  more  powerful  against  a  range  of 
distribution  alternatives  (Filliben  1975)  and  is  probably 
more  sensitive  to  the  data  points  in  the  tails  of  the 
distribution.  The  KS  test,  however,  is  perhaps  better 
known  to  engineers  and,  with  the  sample  sizes  used  in 
this  study  (77  to  141)  should  have  sufficient  power  to 
detect  deviations  from  normality. 

The  data  were  further  examined  to  determine  if  any 
lack  of  normality  was  a  result  of  skewness  (lack  of 
symmetry)  or  kurtosis  (degree  of  flatness).  Because  the 
sample  sizes  used  in  this  study  are  less  than  required 
to  assure  that  the  skewness  and  kurtosis  coefficients 
are  normally  distributed,  critical  values  for  these 
coefficients  were  obtained  from  table  A6  of  Snedecor 
and  Cochran  (1967).  For  20  of  the  36  MOR  distributions 
the  PPC  test  does  not  refect  normality'  (table  A1).  A 
similar  conclusion  is  drawn  for  23  of  the  36 
distributions  using  the  KS  test.  From  the  opposite 
perspective,  in  44  percent  of  the  cases  there  was 
reason  to  refect  normality  using  the  PPC  test  (p  <  0.05). 
In  general,  the  distributions  tended  to  deviate  from 
normality  more  as  the  specimen  width  increased  and 
the  grade  decreased.  Trends  with  moisture  content 
were  not  consistent. 

Of  the  16  cases  where  the  PPC  test  rejected  normality, 
kurtosis  was  significant  for  8;  in  5,  both  kurtosis  and 
skewness  were  significant.  In  only  three  cases  was 
skewness  the  sole  cause  of  rejection  of  normality. 
Skewness  tended  to  be  more  important  for  Select 
Structural  lumber  (the  distributions  tended  to  be  left 
skewed)*  while  kurtosis  was  more  important  for  No.  2 
and  No.  3  grades  (the  distributions  tended  to  have  more 
observations  in  the  upper  and  lower  tails  than  would  be 
expected  for  a  normal  distribution).  If  confirmed  by  the 
more  extensive  studies  being  conducted  in  the  in-grade 
testing  program  (Galligan  et  at.  i960),  the  occurrence  of 
left  skewed  strength  distributions  for  Select  Structural 
lumber  would  make  the  log-normal  distribution  less 
desirable  for  reliability  studies  because  log-normal 
distributions  are  right  skewed. 

For  MOE,  normality  was  seldom  rejected.  The 
acceptance  of  the  normality  hypothesis  for  MOE  and 
its  rejection  for  MOR  are  in  agreement  with  numerous 
similar  conclusions  in  the  literature. 

The  results  of  normality  tests  for  flexural  stiffness  and 
moment  capacity  are  similar,  respectively,  to  the 
results  for  MOE  and  MOR. 


Weibull  Distribution 

Tables  A2  through  A5  present  the  estimated 
parameters  for  the  three-parameter  Weibull  distribution 
fit  to  the  data  using  a  maximum  likelihood  estimation 
procedure.1  Tables  A6  through  A9  present  the 
estimates  for  the  two-parameter  Weibull  distribution. 
This  distribution  was  selected  because  of  its  flexibility 
in  fitting  both  right-skewed  (shape  parameters  less  than 
about  3.6)  and  left-skewed  (shape  parameters  greater 
than  about  3.6)  data. 

The  “goodness  of  fit"  of  the  two-  and  three-parameter 
Weibull  distribution  to  the  MOR  and  MOE  data  was 
evaluated  using  the  Anderson-Darling,  A1,  test  (1954) 
and  the  KS  test  (Conover  1980).  The  A*  test  has  been 
shown  to  have  reasonably  good  power  against  a 
number  of  alternative  distributions  (Littell,  McClave, 
Offen  1979;  Stephens  1974,  1977).  The  A*  test  is 
slightly  more  sensitive  than  the  KS  test  to  lack  of  fit  in 
the  tails  of  the  distribution. 

In  most  cases  the  three-parameter  Weibull  distribution 
fit  the  MOR  and  MOE  data  quite  well  (figs.  A1  and  A2). 
The  fit  was  generally  not  good  for  the  MOR  of  the  dry 
2  x  8's.  In  7  of  9  cases,  the  A2  statistic  was  significant 
(indicates  lack  of  fit)  at  the  p  =  0.05  level  for  dry 
2  x  8's  (table  A10).  Visual  inspection  of  these 
distributions  indicated  that  probably  no  other  standard 
distribution  would  provide  a  better  fit  (fig.  A3).  The  KS 
test  did  not  indicate  a  lack  of  fit  for  any  of  the 
distributions  and  is  thus  not  given  in  the  table.  This 
confirms  the  known  lack  of  power  of  the  one  sample 
KS  test  for  identifying  lack  of  fit  with  small  to 
moderate  sample  sizes.  As  expected  the  two- 
parameter  Weibull  distribution  did  not  fit  the  data  quite 
as  well  as  did  the  three-parameter  distributions  (table 
All). 


'In  this  discussion,  "doss  not  reject  normality"  is  taken  to  mean  that 
the  p  value  for  testing  the  null  hypothesis  of  normality  (by  whatever 
test:  PPC.  skewness,  kurtosis. ...)  is  larger  than  0.05. 

'A  left-skewed  distribution  has  a  relatively  long  tail  toward 
decreasing  values  of  MOR. 

’Warren.  W.  G.  Program  for  maximum  likelihood  estimation  of  Weibull 
parameters.  Personal  communication  to  Forest  Prod.  Lab..  Madison,  Wl;' 
1978. 


Table  A1.~Aaaaa$mani  of  normality  for  modulus  of  rupturs  and  modulus  of  elasticity 

Nomi-  Moisture  Modulus  of  rupture 

Grade  nal  content 

size  group  KS'  PPC'  Skewness’  Kurtosls’  KS 


Grade 

Nomi¬ 

nal 

size 

Moisture 

content 

group 

Select 

Structural 

2x4 

10 

15 

20 

Green 

2x6 

10 

15 

20 

Green 

2x8 

10 

15 

20 

Green 

No.  2 

2x4 

10 

15 

20 

Green 

2x6 

10 

15 

20 

Green 

2x8 

10 

15 

20 

Green 

No.  3 

2x4 

10 

15 

20 

Green 

2x6 

10 

15 

20 

Green 

2x8 

10 

15 

20 

Green 

Modulus  of  elasticity _ 

PPC  Skewness  Kurtosls 


'KS:  Kolmogorov-Smirnov  goodness  of  fit  test  (Miller  1981;  SAS  Institute  1979). 
’PPC;  Probability  plot  correlation  test  (Filliben  1975). 

’Lack  of  symmetry  (Snedecor  and  Cochran,  1967). 

’Degree  of  flatness  (Snedecor  and  Cochran,  1967). 

*—  indicates  there  is  no  reason  to  reject  normality  with  p  >  0.05 
**  indicates  there  is  reason  to  reject  normality  with  0.01  <  p  <  0.05 
indicates  there  is  reason  to  reject  normality  with  p  <  0.01. 
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Table  A2.—  Three-parameter  Weibull  distribution  for  the  modulus  of  rupture  of  Southern  Pine  lumber  at  various  moisture  contents' 


Nominal 

size 

Grade 

Moisture 

content 

class 

Estimated  Weibull 
parameters 

Shape  Scale  Location 

Weibull  5  percent 

95  percent 
lower 
confi¬ 
dence 

Estimate  limit 

point 

95  percent 
upper 
confi¬ 
dence 
limit 

5  percent 
tolerance  limit, 

95  percent 
confidence 

Nonpara- 

Weibull  metric 

In. 

Pet 

— 

— 

-  10'lb/in.1 

— 

— 

— 

2x4 

Select 

Structural 

10 

4.659 

13.322 

0.000 

7.042 

6.007 

8.076 

6.174 

5.127 

15 

5.027 

1 1 .065 

.508 

6.636 

5.814 

7.459 

5.946 

4.982 

20 

5.853 

9.721 

.000 

5.852 

5.216 

6.489 

5.318 

4.895 

Green 

3.248 

6.092 

2.496 

4.938 

4.499 

5.377 

4.570 

4.267 

2x4 

No.  2 

10 

2.270 

9.021 

.659 

3.097 

2.329 

3.864 

2.453 

2.272 

15 

3.051 

8  982 

.000 

3.393 

2.684 

4.102 

2.798 

2.139 

20 

3.587 

7.530 

.000 

3.290 

2.702 

3.878 

2.796 

2.137 

Green 

2.581 

5.763 

1.060 

2.883 

2.437 

3.329 

2.509 

2.193 

2x4 

No.  3 

10 

1.742 

7.408 

1.064 

2.411 

1.945 

2.876 

2.020 

1.563 

15 

2.503 

7.806 

.560 

2.943 

2.260 

3.625 

2.370 

2.141 

20 

2.785 

6.357 

.604 

2.791 

2.217 

3.366 

2.309 

1.611 

Green 

2.567 

5.791 

.675 

2.496 

1.924 

3.067 

2.016 

1.905 

2  x  6 

Select 

Structural 

10 

4.466 

1 1  696 

.000 

6.015 

5.290 

6.740 

5.406 

4.031 

15 

4.726 

10.803 

.000 

5.762 

5.071 

6.453 

5.182 

3.453 

20 

7.116 

9.059 

.000 

5.967 

5.511 

6.424 

5.584 

4.169 

Green 

5.204 

7.920 

.000 

4.475 

4.030 

4.921 

4.101 

3.166 

2x6 

No.  2 

10 

1.745 

6.924 

1.215 

2.477 

2.066 

2.887 

2.132 

1.788 

15 

2.186 

7.481 

.853 

2.776 

2.230 

3.322 

2.318 

2.254 

20 

2.142 

5.175 

1.375 

2.668 

2.338 

2.998 

2.391 

2.202 

Green 

2.127 

5.213 

.813 

2.103 

1.741 

2.465 

1.799 

1.506 

2x6 

No.  3 

10 

2.091 

7.700 

.437 

2.297 

1.674 

2.919 

1.774 

1.079 

15 

1.761 

6.481 

1.102 

2.302 

1.822 

2.782 

1.899 

1.644 

20 

2.226 

5.475 

.912 

2.354 

1.897 

2.810 

1.971 

1.454 

Green 

1.733 

4.181 

1.205 

1.958 

1.643 

2.274 

1.693 

1.500 

2x8 

Select 

Structural 

10 

3.651 

10.587 

.000 

4.693 

3.999 

5.388 

4  110 

3.206 

15 

3.756 

7.647 

1.979 

5.447 

4.926 

5967 

5.010 

4.305 

20 

4.879 

7.556 

.000 

4.110 

3.672 

4.548 

3.742 

2.843 

Green 

4.337 

6.882 

.000 

3.469 

3.026 

3.913 

3097 

2.493 

2x8 

No.  2 

10 

1.554 

5.453 

1.340 

2.147 

1.836 

2.459 

1.886 

1.626 

15 

1.928 

6.023 

1.060 

2.351 

1.904 

2.798 

1.975 

1.824 

20 

1.907 

4.389 

1.086 

2.011 

1.729 

2.292 

1.775 

1.815 

Green 

1.999 

3.833 

1.164 

2.031 

1.761 

2.301 

1.805 

1.646 

2x8 

No.  3 

10 

1.393 

6.219 

1.177 

1.914 

1.574 

2.253 

1.629 

1.306 

15 

2.055 

6.466 

.547 

2.071 

1.523 

2.619 

1.611 

1.124 

20 

2.239 

5.157 

.657 

2.026 

1.537 

2.515 

1.615 

1.325 

Green 

1.808 

4.096 

1.288 

2.080 

1.783 

2.378 

1  831 

1.472 

'Table  A10  Indicates  the  degree  ot  fit  of  the  three-parameter  Weibull  distribution  to  the  data. 


Tab!*  A3.— Thr**- para  mater  Weibull  distribution  for  the  modulus  of  elasticity  of  Southern  Pine  lumber  et  various  moisture 
contents' 


Waibull  50  percent  point 

50  percent 

1 

Nominal 

•tea 

Grade 

Moisture 

content 

class 

Estimated  Welbuli 
parameters 

Shape  Scale  Location 

95  percent 
lower 
confi¬ 
dence 

Estimate  limit 

95  percent 
upper 
confi¬ 
dence 
limit 

tolerance  limit, 

95  percent 
confidence 

Nonpara- 

Welbull  metric 

•  "j 

Table  AS.— Three-parameter  Weibull  distribution  for  the  moment  capacity  of  Southern  Pine  lumber  at  various  moisture  contents 


Nominal 

size 

Grade 

Moisture 

content 

class 

Estimated  Weibull 
parameters 

Shape  Scale  Location 

Weibull  5  percent  point 

95  percent  95  percent 
lower  upper 

conli-  confi¬ 
dence  dence 

Estimate  limit  limit 

5  percent 
tolerance  limit, 

95  percent 
confidence 

Nonpars- 
Weibull  metric 

In. 

Pet 

— 

— 

— 

-  lO'lb/in.1 

— 

— 

2x4 

Select 

Structural 

10 

4.836 

38.889 

0.000 

21.041 

18.065 

24  018 

18.543 

16.681 

15 

5.025 

32.538 

2.270 

20.286 

17.900 

22.671 

18.284 

15.238 

20 

5.884 

30.658 

.000 

18.507 

16.420 

20.593 

16.755 

15.578 

Green 

3.209 

19.784 

8.443 

16.284 

14.873 

17.696 

15  100 

14.059 

2x4 

No.  2 

10 

2.368 

27.066 

1.510 

9.233 

6.873 

11.593 

7.253 

6691 

15 

3.154 

27.242 

.000 

10.624 

8.550 

12.699 

8.883 

6  600 

20 

3.619 

23.769 

.000 

10.462 

8633 

12.290 

9.927 

6698 

Green 

2.574 

18.849 

3.554 

9.498 

8.044 

10.953 

8.278 

7,200 

2x4 

No.  3 

10 

1.824 

22.262 

2.947 

7.316 

5.858 

8.775 

6.092 

4.773 

15 

2.710 

24.620 

.875 

9.103 

6.874 

11.332 

7.232 

6.770 

20 

2.878 

20.401 

1.667 

8.936 

7.061 

10.811 

7.363 

5231 

Green 

2.551 

18.976 

2.280 

8.203 

6.341 

10.065 

6.640 

6.197 

2x6 

Select 

Structural 

10 

4.5  70 

86.054 

.000 

44.927 

39.648 

50.207 

40.497 

30.285 

15 

4.743 

82.360 

.000 

44.028 

38.767 

49.288 

39.613 

26.055 

20 

7.372 

71.915 

.000 

48.066 

44  525 

51.608 

45.094 

33.629 

Green 

5.172 

65.610 

.000 

36.944 

33.240 

40.648 

33.835 

26.436 

2x6 

No.  2 

10 

1.806 

51  912 

8.454 

18.481 

15.300 

21.661 

15  811 

13.190 

15 

2.206 

56.913 

6.529 

21.332 

17.161 

25.503 

14.831 

17.204 

20 

2  159 

41.243 

10.999 

21.420 

18.754 

24  087 

19  182 

17.464 

Green 

2.123 

43  058 

6.803 

17.432 

14.435 

20429 

14.917 

12  420 

2x6 

No  3 

10 

2  1 72 

58.001 

2609 

17.386 

12.548 

22  223 

13  326 

8.155 

15 

1.770 

49  494 

8.648 

17.892 

14.166 

21.618 

14.765 

13.147 

20 

2  283 

44.156 

6.945 

18.970 

15.248 

22.692 

15.846 

11  561 

Green 

1.719 

34,373 

10.170 

16.275 

13.712 

18.838 

14.124 

12  485 

2x8 

Select 

Structural 

to 

3  758 

139.065 

.000 

63.092 

54.076 

72.108 

55.526 

44.046 

15 

3  977 

'06  754 

24  346 

74.936 

67.685 

82.188 

64.851 

60.507 

20 

4  965 

106.862 

.000 

58.753 

52.650 

64.855 

53.631 

40.162 

Green 

4  340 

101  823 

.000 

51.361 

44.857 

57.865 

45  902 

36.424 

2x8 

No  2 

10 

1  532 

71  751 

18  624 

28  942 

24.915 

32.969 

25.563 

22.324 

15 

2  004 

83.776 

13.491 

32.523 

26.017 

39  029 

27.063 

24.881 

20 

1.945 

62  890 

14.959 

28.616 

24.544 

32.687 

25.199 

26  094 

Green 

1  984 

56  456 

17.372 

30.007 

26.050 

33.964 

26.687 

24.525 

2x8 

No  3 

10 

1  430 

82.480 

15  525 

25.864 

21.180 

30.548 

21.933 

17.717 

15 

2  091 

88  831 

7.252 

28.713 

21.091 

36.334 

22  316 

1 5  640 

20 

2.298 

74  396 

8  355 

28.784 

21  526 

36.042 

22.693 

18  962 

Green 

1.804 

60  481 

19.193 

30  848 

26.452 

35.244 

27.158 

21  920 

Weibull  5  percent  point 

95  percent  95  percent 


5  percent 
tolerance  limit, 
95  percent 


'Table  All  Indicates  the  degree  of  fit  of  the  two-parameter  Weibull  distribution. 


Nominal 

size 

Grade 

Moisture 

content 

class 

Estimated  Weibull 
parameters 

Shape  Scale  Location 

Estimate 

lower 

confi¬ 

dence 

limit 

upper 

confi¬ 

dence 

limit 

confidence 

Nonpara- 

Weibull  metric 

•  . 

In. 

Pet 

— 

— 

10'lb/in.1  - 

— 

— 

— 

‘  ’  '  .  ' 

2x4 

Select 

Structural 

10 

4.659 

13.322 

0 

7.042 

6.199 

7.885 

6.334 

5.127 

15 

5.293 

11.586 

0 

6.610 

5.943 

7.277 

6.050 

4.983 

—  < 

20 

5.853 

9.721 

0 

5.852 

5.321 

6.383 

5.407 

4.895 

• 

Green 

4.862 

8.703 

0 

4.725 

4.258 

5.192 

4.333 

4.267 

2x4 

No.  2 

10 

2.532 

9.781 

0 

3.026 

2.346 

3.706 

2.455 

2.272 

15 

3.051 

8.982 

0 

3.393 

2.807 

3.979 

2.901 

2.139 

20 

3.587 

7.530 

0 

3.290 

2.793 

3.786 

2.873 

2.137 

Green 

3.250 

6.928 

0 

2.778 

2.324 

3.233 

2.397 

2.193 

2x4 

No.  3 

10 

2.253 

8.806 

0 

2.356 

1.760 

2.953 

1.856 

1.563 

~  '  • 

15 

2.774 

8.438 

0 

2.892 

2.275 

3.508 

2.374 

2.141 

20 

3.159 

7.021 

0 

2.742 

2.209 

3.274 

2.295 

1.611 

-  ' 

Green 

2.993 

6.536 

0 

2.422 

1.920 

2.925 

2.001 

1.905 

*  •/ 

2x6 

Select 

Structural 

10 

4.466 

11.696 

0 

6.015 

5.306 

6.724 

5.420 

4.031 

15 

4.726 

10.803 

0 

5.762 

5.107 

6.417 

5.213 

3.453 

-  ■  -  ■ 

20 

7.116 

9.059 

0 

5.967 

5.522 

6.413 

5.593 

4.169 

• 

Green 

5.204 

7.920 

0 

4.475 

4.043 

4.907 

4.113 

3.166 

2x6 

No.  2 

10 

2.328 

8.467 

0 

2.364 

1.824 

2.903 

1.911 

1.788 

15 

2.585 

8.470 

0 

3.684 

2.154 

3.214 

2.239 

2.254 

.  *.  •*  *♦**.* 

20 

3.010 

6.743 

0 

2.514 

2.094 

2.933 

2.162 

2.202 

Green 

2.661 

6.160 

0 

2.017 

1.632 

2.403 

1.694 

1.506 

2x6 

No.  3 

10 

2.313 

8.241 

0 

2.282 

1.668 

2.895 

1.767 

1.079 

• 

15 

2.309 

7.844 

0 

2.168 

1.595 

2.740 

1.687 

1.644 

20 

2.803 

6.517 

0 

2.259 

1.767 

2.751 

1.816 

1.454 

Green 

2.587 

5.629 

0 

1.786 

1.347 

2.225 

1.418 

1.500 

-■  -  \\\ 

2x8 

Select 

Structural 

10 

3.651 

10.587 

0 

4.693 

4.051 

5.335 

4.154 

3.206 

15 

4.914 

9.706 

0 

5.303 

4.802 

5.803 

4.883 

4.305 

20 

4.879 

7.556 

0 

4.110 

3.701 

4.520 

3.767 

2.843 

• 

Green 

4.337 

6.882 

0 

3.469 

3.092 

3.846 

3.153 

2.493 

2x8 

No.  2 

10 

2.299 

7.181 

0 

1.972 

1.483 

2.462 

1.561 

1.626 

15 

2.502 

7.280 

0 

2.222 

1.707 

2.736 

1.789 

1.824 

•  »  *  ,*•  ***  »' 1 

20 

2.701 

5.693 

0 

1.896 

1.510 

2.282 

1.572 

1.815 

■.  ,*• 

Green 

2.937 

5.173 

0 

1.882 

1.531 

2.232 

1.588 

1.646 

2x8 

No.  3 

10 

2.001 

7.864 

0 

1.782 

1.226 

2.339 

1.315 

1.306 

• 

15 

2.364 

7.126 

0 

2.029 

1.470 

2.587 

1.560 

1.124 

20 

2.679 

5.905 

0 

1.949 

1.481 

2.417 

1.556 

1.325 

Green 

2.744 

5.634 

0 

1.909 

1.472 

2.346 

1.542 

1.472 

.*•**■,  •  .  -  . 

/•  V-V-V-V-V 
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Table  A7. — Two-parameter  Welbull  distribution  for  the  modulus  of  alaatlcity  of  Southern  Pina  lumbar  at  various  moistura  contents' 


Weibull  50  percent  point  50  percent 

tolerance  limit. 


Nominal 

size 

Grade 

Moisture 

content 

class 

Estimated  Weibull 
parameters 

Shape  Scale  Location 

Estimate 

95  percent 
lower 
confi¬ 
dence 
limit 

95  percent 
upper 
confi- 

95  percent 
confidence 

dence 

limit 

Weibull 

Nonpara- 

metric 

In. 

Pet 

— 

— 

-  10‘lb/in.1 

— 

2x4 

Select 

Structural 

10 

5.561 

2.119 

0 

1.984 

1.902 

2.065 

1.915 

1.825 

15 

4.335 

2.049 

0 

1.883 

1.787 

1.978 

1.803 

1.757 

20 

5.291 

1.758 

0 

1.641 

1.573 

1.708 

1.584 

1.551 

Green 

4.695 

1.687 

0 

1.561 

1.493 

1.628 

1.504 

1.470 

2x4 

No.  2 

10 

4.040 

1.793 

0 

1.637 

1.543 

1.731 

1.558 

1.496 

15 

3.550 

1.776 

0 

1.602 

1.504 

1.700 

1.519 

1.439 

20 

4.032 

1.435 

0 

1.310 

1.240 

1.381 

1.251 

1.244 

Green 

4.024 

1.461 

0 

1.334 

1.261 

1.406 

1.273 

1.218 

2x4 

No.  3 

10 

3.939 

1.668 

0 

1.520 

1.428 

1.612 

1.443 

1.366 

15 

3.736 

1.666 

0 

1.510 

1.412 

1.609 

1.427 

1.321 

20 

4.027 

1.437 

0 

1.312 

1.229 

1.396 

1.242 

1.197 

Green 

3.963 

1.403 

0 

1.279 

1.197 

1.361 

1.211 

1.187 

2x6 

Select 

Structural 

10 

6.083 

2.086 

0 

1.964 

1.895 

2.032 

1.906 

1.867 

15 

5.594 

2.077 

0 

1.946 

1.869 

2.022 

1.882 

1.799 

20 

5.751 

1.826 

0 

1.713 

1.648 

1.777 

1.659 

1.667 

Green 

5.227 

1.682 

0 

1.568 

1.507 

1.629 

1.516 

1.544 

2x6 

No.  2 

10 

4.516 

1.814 

0 

1.672 

1.591 

1.754 

1.604 

1.536 

15 

4.407 

1.850 

0 

1.702 

1.622 

1.783 

1.635 

1.579 

20 

4.501 

1.552 

0 

1.431 

1.365 

1.497 

1.375 

1.362 

Green 

3.978 

1.466 

0 

1.337 

1.267 

1.407 

1.278 

1.271 

2x6 

No.  3 

10 

4.439 

1.730 

0 

1.593 

1.500 

1.686 

1.515 

1.419 

15 

3.943 

1.783 

0 

1.625 

1.522 

1.728 

1.539 

1.447 

20 

3.>49 

1.525 

0 

1.383 

1.291 

1.475 

1.306 

1.250 

Green 

3.808 

1.408 

0 

1.278 

1.191 

1.366 

1.205 

1.135 

2x8 

Select 

Structural 

10 

5.272 

2.082 

0 

1.942 

1.867 

2.016 

1.879 

1.801 

15 

5.895 

1.959 

0 

1.841 

1.779 

1.902 

1.789 

1.745 

20 

5.336 

1.740 

0 

1.624 

1.564 

1.684 

1.573 

1.581 

Green 

5.484 

1.625 

0 

1.520 

1.466 

1.573 

1.475 

1.467 

2x8 

No.  2 

10 

5.184 

1.746 

0 

1.627 

1.553 

1.700 

1.565 

1.535 

15 

4.619 

1.655 

0 

1.528 

1.450 

1.606 

1.463 

1.389 

20 

4.315 

1.473 

0 

1.353 

1.281 

1.425 

1.293 

1.245 

Green 

4.502 

1.364 

0 

1.257 

1.194 

1.321 

1.204 

1.185 

2x8 

No.  3 

10 

3.277 

1.800 

0 

1.610 

1.486 

1.734 

1.506 

1.401 

15 

4.251 

1.680 

0 

1.541 

1.445 

1.637 

1.460 

1.382 

20 

3.689 

1.449 

0 

1.312 

1.219 

1.405 

1.234 

1.157 

Green 

4.095 

1.413 

0 

1.292 

1.209 

1.375 

1.222 

1.184 

'Table  All  indicates  the  degree  of  fit  of  the  two-parameter  Weibull  distribution. 


Table  AS.— Two-parameter  Waibull  distribution  (or  ths  flexural  stilfnasa  of  Southern  Pine  lumber  at  various  moisture  contents 


Nominal 

size 


Moisture 

content 

class 


Estimated  Weibull 
parameters 


Location  Estimate 


Weibull  50  percent  point 


95  percent  95  percent 
lower  upper 

confi-  confi¬ 
dence  dence 

limit  limit 


50  percent 
tolerance  limit, 
95  percent 
confidence 


Weibull 


Nonpara 

metric 


f0‘  lb/in‘ 


Table  A10.~Evaluatlon  of  Mm  lit  of  a  three-parameter  Wafbull  distribution  to  the  modulus  of  rupture  and  modulus  of  elasticity  data 


Moisture 

content 

group 

Nominal 

size 

Grade 

Indicators  of  fit  for 
modulus  of  rupture 

Indicators  of  fit  for 
modulus  of  elasticity 

Lack  of  fit' 

Percent  difference 

In  property 
estimate’ 

Lack  of  fit’ 

Percent  difference 
in  property 
estimate’ 

Median 

Fifth 

percentile 

Median 

Fifth 

percentile 

Pet 

in. 

Green 

2x4 

Select 

Structural 

—  • 

■0.2 

3.1 

— 

0.5 

3.2 

No.  2 

— 

-1.8 

7.9 

— 

0.5 

0.9 

No.  3 

— 

-2.0 

8.6 

— 

-0.9 

4.1 

2x6 

Select 

Structural 

— 

1.4 

19.2 

— 

1.2 

7.6 

No.  2 

— 

-3.7 

13.0 

— 

0.4 

-3.1 

No.  3 

* 

■7.1 

4.5 

— 

0.3 

3.3 

2x8 

Select 

Structural 

— 

1.0 

14.3 

— 

1.4 

3.5 

No.  2 

— 

-4.5 

8.1 

— 

0.7 

3.8 

No.  3 

— 

-6.0 

3.2 

— 

-0.8 

-5.4 

20 

2x4 

Select 

Structural 

— 

1.6 

8.1 

— 

0.8 

3.7 

No.  2 

* 

0.4 

11.4 

— 

0.7 

10.6 

No.  3 

— 

-1.3 

4.4 

— 

-1.4 

2.4 

2x6 

Select 

Structural 

— 

1.6 

■1.4 

— 

1.4 

9.8 

No.  2 

— 

-3.6 

•5.6 

— 

0.1 

-2.7 

No.  3 

— 

•3.5 

0.2 

— 

-0.8 

-4.1 

2x8 

Select 

Structural 

* 

1.3 

18.3 

— 

-1.6 

-3.2 

No.  2 

— 

-5.5 

0.6 

— 

0.0 

4.3 

No.  3 

# 

-3.5 

4.5 

— 

-2.2 

8.4 

15 

2x4 

Select 

Structural 

— 

1.4 

-2.8 

— 

0.3 

-3.9 

No.  2 

— 

-0.7 

8.9 

— 

-1.1 

-6.8 

No.  3 

— 

-2.4 

11.6 

— 

-2.2 

4.1 

2x6 

Select 

Structural 

— 

1.3 

5.8 

— 

-0.7 

4.6 

No.  2 

* 

•4.0 

13.2 

— 

0.3 

2.8 

No.  3 

-7.6 

15.6 

— 

-2.2 

7.3 

2x8 

Select 

Structural 

— 

0.3 

4.9 

— 

0.3 

1.2 

No.  2 

e 

•5.8 

9.1 

— 

-0.7 

-4.6 

No.  3 

e 

•5.0 

18.7 

— 

-1.1 

0.5 

10 

2x4 

Select 

Structural 

— 

1.3 

0.6 

— 

0.6 

-5.1 

No.  2 

— 

•3.6 

20.9 

— 

-0.4 

-5.1 

No.  3 

— 

•7.9 

•4.9 

— 

•1.9 

-1.6 

2x6 

Select 

Structural 

— 

1.2 

9.5 

— 

0.9 

4.9 

No.  2 

— 

•7.6 

■2.3 

— 

-0.4 

-10.6 

No.  3 

— 

■5.0 

10.1 

— 

•1.7 

-5.6 

2x8 

Select 

Structural 

— 

0.5 

18.1 

— 

-0.2 

-2.1 

No.  2 

* 

■9.8 

2.9 

— 

-0.7 

4.0 

No.  3 

* 

-13.4 

14.7 

- 

•2.4 

•4.6 

'*  ('*)  Indicate  significant  lack  of  fit  at  the  p  =  0.05  (.01)  level  using  the  Anderson-Darling  test  (1954)  and  Stephens 
(1977).--lndicates  test  not  significant  at  the  p  =  0.05  level. 


’Percent  difference  =  100  (Weibull  estimate  -  nonparametric  estimate)  nonparametric  estimate. 


Table  All. -Evaluation  of  tha  fit  of  a  two-parameter  Weibull  distribution  to  the  modulus  of  rupture  and  modulus  of  elasticity  data 


Indicators  of  fit  for  Indicators  of  fit  for 

modulus  of  rupture  modulus  of  elasticity 


Moisture 

content  Nominal 

group  size 

Grade  Lack  of  fit' 

Percent  diffaranca 
in  properly 
estimate' 

Filth 

Median  percentile 

Lack  of  fit' 

Percent  difference 
in  property 
estimate’ 

Filth 

Median  percentile 

Pet  In. 

Green  2x4 

Select 

Structural 

1.5 

-1.3 

1.2 

1.4 

No.  2 

— 

■6.3 

-9.4 

— 

-3.4 

-4.5 

No.  3 

— 

6.5 

20.9 

— 

5.5 

5.0 

2x6 

Select 

Structural 

1.4 

19.2 

1.2 

7.6 

No.  2 

— 

•1.2 

8.4 

— 

0.4 

•3.1 

No.  3 

— 

-1.1 

-4.6 

— 

0.6 

2.9 

2x8 

Select 

Structural 

1.0 

14.3 

_ 

1.4 

3.5 

No.  2 

— 

0.1 

0.2 

— 

1.0 

3.4 

No.  3 

* 

0.0 

0.2 

— 

1.3 

-9.8 

20  2  x4 

Select 

Structural 

1.6 

8.1 

1.5 

1.8 

No.  2 

** 

0.4 

11.4 

— 

0.7 

10.6 

No.  3 

— 

-0.1 

2.5 

* 

1.3 

•3.2 

2x6 

Select 

Structural 

1.6 

-1.4 

1.4 

9.8 

No.  2 

*  * 

0.3 

-11.1 

— 

1.3 

•5.0 

No.  3 

— 

-0.7 

•3.9 

— 

0.9 

6.4 

2x8 

Select 

Structural 

. 

1.3 

18.3 

•1.6 

•2.1 

No.  2 

• 

■0.2 

■5.2 

— 

1.2 

1.6 

No.  3 

*  * 

-1.3 

0.5 

— 

1.1 

1.3 

15  2x4 

Select 

Structural 

1.5 

•3.2 

1.2 

-4.9 

No.  2 

— 

-0.7 

8.9 

*  * 

0.8 

-8.2 

No.  3 

— 

•1.2 

9.7 

* 

1.3 

-3.3 

2x6 

Select 

Structural 

1.3 

5.8 

-1.6 

-2.2 

No.  2 

— 

-1.7 

9.5 

— 

1.1 

1.0 

No.  3 

* 

■2.9 

8.8 

— 

-1.4 

-1.3 

2x8 

Select 

Structural 

1.3 

2.1 

1.5 

-2.1 

No.  2 

*  * 

-1.9 

3.2 

* 

1.5 

9.3 

No.  3 

-2.7 

16.3 

— 

1.4 

-5.3 

10  2x4 

Select 

Structural 

1.3 

0.6 

1.4 

•6.9 

No.  2 

— 

-2.2 

18.1 

— 

1.0 

•7.1 

No.  3 

«  * 

•2.4 

■7.1 

— 

1.5 

-8.5 

2x6 

Select 

Structural 

1.1 

9.5 

1.4 

3.5 

No.  2 

-2.1 

-6.8 

*  * 

1.3 

-13.0 

No.  3 

— 

-3.1 

9.4 

* 

1.0 

-13.8 

2x8 

Select 

Structural 

0.5 

18.1 

1.5 

-6.4 

No.  2 

*  * 

-2.2 

•5.5 

— 

1.6 

-2.9 

No.  3 

*  * 

-4.8 

6.9 

— 

0.7 

-8.9 

'*  (“)  Indicate  significant  lack  of  fit  at  the  p 

=  0.05  (0.01)  level  using  the  Anderson-Darling  test  (1954)  and  Stephens 

(1977). -Indicates  test  not  significant  at  the  p 

=  0.05  level. 

’Percent  difference  =  100  (Weibull  estimate  -  nonparametric  estimate)  -  nonparametric  estimate. 


Modulus  of  Rupture  (1000  psi) 


Modulus  of  Rupture  (1000  psi) 


Figure  A1.— Typical  fit  of  three-parameter  Weibuii  Figure  A3.  —Fit  of  three-parameter  Weibuii 

distribution  to  UOR  data  <2  by  4,  Select  Structural,  distribution  to  biomodal  data  (2  by  8.  No.  3, 

15  pet  moisture  content).  (ML84  5 322)  15  pet  moisture  content).  (UL84  5324) 


Modulus  of  Elasticity  (Million  psi) 

Figure  A2  —  Typical  fit  of  three  parameter 
Weibuii  distribution  to  MOE  data  12  by  8.  No. 
3,  15  pet  moisture  content).  (ML84  5323) 


Appendix  B 
Supplemental  Figures 


Moment  Capacity  (1000  psi) 

Figure  B3— Cumulative  frequency  distribution  for  RS  at  four  moisture  content  levels. 

(HIM  5306) 


Moisture  Content 


Figure  85  — Effect  of  moisture  content  on  modulus  of  rupture  i10!  psi)  at  various  percentile 
levels  15,  10,  20.  80,  90,  95).  Percentiles  plotted  at  average  moisture  content  lor  the  groups 
(21  pet  for  green).  (ML84  5 270) 
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Figure  B7.— Effect  of  percentile  level  on  the  modulus  of  rupture  dry-green  ratio  lor  lumber 
dried  to  a  moisture  content  of  15  percent  f'  +  "  =  experimental  ratio  at  2,  5,  10,  15...  90,  95, 

98  percentiles;  solid  line  =  ratio  obtained  by  first  fitting  three-parameter  Weibull 

distributions  to  the  MOR  values  ( 10 1  psi)  for  15  percent  and  green  moisture  contents).  (ML84  5265) 
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Figure  B8.— Effect  of  percentile  level  on  the  modulus  of  elasticity  dry-green  ratio  for 
lumber  dried  to  a  moisture  content  of  15  percent  ("+  "  =  experimental  ratio  at  2,  5,  10, 
15...  90,  95,  98  percentiles;  solid  line  =  ratio  obtained  by  first  fitting  three-parameter 
Weibull  distributions  to  the  MOE  values  1 10 '  psi)  tor  15  percent  and  green  moisture 
contents).  (ML84  5269) 
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